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<< Yummy Antibiotics 

As a food source, antibiotics would seem to be a 
poor choice for bacteria. However, Dantas et al. 
(p. 100) readily cultured bacteria from the soil 
that can consume antibiotics as sole carbon 
sources. Importantly, these bacteria are from sev- 
eral genera, some of which are closely allied to 

human and livestock pathogens, and are also gen- 
erally extremely resistant to many antibiotics. Con- 

‘sumption is not restricted to antibiotics derived from 
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Aztecs’ Lay of the Land 

Just as modern governments require careful land 
surveys and records of value for taxation, the 
Aztecs were diligent bookkeepers when it came to 
landholdings and real estate transactions. How 
exactly did the Aztecs calculate land parcel areas 
from the recorded dimensions of the plots? 
‘Williams and del Carmen Jorge y Jorge (p. 72) 
examined the records of the Codex Vergara and 
‘were able to determine the indigenous computa- 
tional techniques used by the Aztecs to calculate 
land area. 


Chance Aspects of Cell Fate 
Ranging from bacteria to humans, cell fate is gen- 
erally reached through a hard-wired program. 
However, in a review on stochasticity and cell fate, 
Losick and Desplan (p. 65) describe how the sur- 
roundings and cell lineage may have a lesser 
impact on cell fate than normally assumed. 
Instead, the differentiation pathway may be sto- 
chastically or randomly attained. Examples are 
‘seen in the entry of Bacillus subtitis into a state of 
‘competence o the generation of alternative color- 
vision photoreceptors in Drosophila melanogaster. 
‘There are varied reasons as to why a celll lacks a 
deterministic program, for example, “bet hedging” 
in bacteria to anticipate adverse changes in the 
environment. A stochastic mechanism for cell fate 
may be advantageous or, in some cases, necessary 
for the organism's or species survival. 


Cobalt Atoms Singled Out 


‘Magnetization curves, the response of a mag- 
netic material to an applied magnetic field, have 
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long been used to characterize sample properties 
that determine a material's usefulness in appli- 
‘ations such as memory storage. Characteriza- 
tion techniques have had to develop in parallel 
to the miniaturization of magnetic memory, even 
down to the single magnetic atom adsorbed on a 
surface (an adatom), However, previous work 
looked at the adatoms in a somesshat artificial 
environment in which they are strongly coupled 
toa magnetic surface. Meier et al. (p. 82; see 
‘the cover) have now developed a spin-polarized 
scanning tunneling microscopy system to probe 
the magnetization of single cobalt adatoms on 
‘the more technologically relevant system of a 
nonmagnetic, metallic surface. 


Early Condensation of 


Graphite Whiskers 
Graphite 
whiskers can be 
condensed from 
high-tempera- 
ture plasmas in 
the laboratory 
but have not 
been sen natu- 
rally. These 
whiskers have 
been postulated to be responsible for affecting 
the brightness of type 1a supernovae (used as a 
distance measure in astronomy) and the cosmic 
microwave background. Fries and Steele (p. 91; 
see the Perspective by Bland) have found sev- 
eral graphite whiskers in some of the mast primi- 
tive and highest-temperature grains in several 


natural products but also includes synthetic ones, as 
well as new-generation molecules, such as levofloxacin. 
This heretofore unrecognized source of antibiotic-metabo- 
lizing bacteria represents 2 potential reservoir of antibiotic 
resistance genes for pathogenic bacteria. 


meteorites. They identified the whiskers using 
Raman imaging and electron microscopy. Thus, 
these whiskers likely condensed from the early 
hot solar nebula and may be expected in other 
stellar systems, 


Probing Post-Perovskite 
Conductivity 


Deep in Earth's mantle, near the core, 
perovskite transforms to post-perovskite 
Understanding the properties of post-perovskite 
is critical to inferring the nature of the deep 
‘mantle and the flow of heat, magnetic flux, and 
‘momentum from the core to the mantle. Using 
‘a diamond anvil cell, Ohta et al. (p. 89) show 
that the electrical conductivity of post-perov- 
skite at deep mantle pressures and tempera- 
tures is much higher than for most oxide insu- 


lators. These results imply that there 
isa strong electromagnetic coupling 
between the core and mantle, which 
affects the rotation of Earth, as 
‘observed in decadal changes in the 
length of the day, 


Working Back to 


Pluripotency 

Recent studies have shown that adult mouse and 

human fibroblasts can be reprogrammed to a 

pluripotent state after the viral integration of 

four transcription factors. However, questions 

remained as to the origin of those cells, whether 
Continued on page 17 
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specific genomic integration sites are needed, and how tumorigenicity might be reduced (see the Per- 
spective by Bang and Carpenter). Embryonic stem cells and cells of human malignancies are charac- 
terized by low levels of let-7 microRNAs (miRNAs), a phenomenon thought to be functionally linked to 
pluripatency and oncogenesis. In bath cases, precursors of let-7 are detectable but processing to the 
‘miRNA mature form is inhibited. Viswanathan et al. (p. 97, published online 21 February) identify 
Lin28 as an RNA binding protein that selectively inhibits let-7 miRNA processing. Lin2B was recently 
shown to function with three other factors to reprogram human fibroblasts to pluripotent stem cells. 
‘This work suggests that the regulation of miRNA processing may be critical in the dedifferentiation that 
‘occurs in both reprogramming and oncogenesis. 


Organizing Purine Biosynthesis 

How primary metabolic enzymes are organized in living cells has long been a topic of discussion. 
‘There have been suggestions that multienzyme complexes may facilitate flux through the pathway, 
but scant evidence in support of such arganization. An et al. (p. 103) use fluorescence micrascopy to 
show that enzymes in the purine biosynthesis pathway colocalize to form clusters in the cytoplasm of 
HeLa cells, Formation of these “purinosomes” is regulated by changes in purine levels and results 
‘suggest that purinosomes form to satisfy a cellular demand for purine. Similar dynamic regulation 
may apply to other metabolic enzyme complexes. 


Structure for Self-Splicing 
Splicing by autocatalytic group Il introns is essen- 
tial for gene expression in plants, fungi, and 

yeast, Group Il introns are also of great interest as 
‘model systems because they are thought to be evo- 
lutionary predecessors of the eukaryotic spliceaso- 
mal apparatus. Toor et al. (p. 77; see the per- 
spective by Piccirilli) describe the structure of an 
intact, self-spliced group Il intron at 3.1. 
angstrom resolution. The structure is consistent 
with a two-metal ion mechanism for catalysis 
and, together with previous biochemical studies, 
supports the hypothesis that group Il introns 
and the spliceasome share a common ancestor. 


I've Got Rhythm 
Low-frequency electroencephalogram ascillations are very common in the cortex, but their functional 
significance has largely been unclear. In most studies low frequencies are desynchronized by atten- 
tion. Now, however, Lakatos et al. (p. 110) present data from area V1, the primary visual cortex, that 
indicate a potential mechanism behind selective attention in the case of rhythmic stimuli. When stim- 
uli are presented at a predictable, low-frequency rate, the low-frequency oscillations entrain to the 
low-frequency stimulus, and the higher frequencies, the so called gamma band oscillations, are 
modulated in phase with the low frequencies. Cells then become most excitable at times when the 
stimulus is expected. During visual attention, ongoing entrainment and incoming stimulation support 
each other and lead to particularly strong responses. 


Mental Time Travel in Rats? 


‘The notion of how time is represented in episodic memory is an elusive concept. In work on scrub 
jays, episodic-like memory has been tested by tasking the birds to remember whether one of two 
food items appeared 4 hours previously or 4 days previously. Now, in experiments with rats, 
Roberts et al. (p. 113) sought to leam whether the “when” component of episodic-like memory 
really is a sense of “when,” or if it is merely a sense of elapsed time. They contrasted scenarios in 
Which the animals were required to remember exactly when the food item event occurred of, in a 
different condition, how long ago the food item event occurred. Their results shows that the rats can 
only remember elapsed time and are consistently subject to chance when required to remember 
precisely when an event happened. The authors thus argue that episodic-like memory in rats is very 
different from human episodic recall. 
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Bruce Alberts is 
Ecitoin-Chief of Science 


The Promise of Cancer Research 


IN RECENT YEARS, | HAVE HEARD THE ARGUMENT THAT WE ALREADY KNOW ENOUGH 
about fundamental biological mechanisms to cure cancer, and that the best way to improve 
‘cancer outcomes would be to focus nearly all of our cancer research resources on applying 
\what we know to develop therapies. This would be a mistake. To make my point, I describe two 
of many examples where a much deeper understanding of fundamental mechanisms seems 
almost certain to improve cancer treatments. Of necessity, [omit many other promising ways of 
attacking this disease. 

‘Cancer arises when the descendants of just one of our more than ten thousand billion cells 
proliferate out of control, eventually interfering with normal body functions. Since so many 
cells are at risk, the most amazing thing about cancer to me is how many yearsit usually 
takes to develop the disease. One major obstruction to the proliferation of cancerous 
cells is the phenomenon of apoptosis, which causes nearly all of our cells to kill 
themselves whenever they start to behave aberrantly. 

‘A complicated cellular signaling network determines the balance between the 
pro-apoptotic and anti-apoptotic proteins inside animal cells. Each of our many cells 
is constantly sensing its external and intemal environment and will sacrifice itself 
(for our own good) if itis either not correctly located or not behaving normally. 
‘Without mechanisms of this type, the evolution of large complex organisms such 
as ourselves would probably not have been possible, because the tumors caused 
by cancerlike diseases would have overtaken us early in 

‘Tumors arise after a long process of random mutation followed by multiple 
rounds of selection for those cells able to proliferate best. One change selected for 
is in apoptotic mechanisms, which will be altered in different ways in different 
tumors. Imagine that we could determine why the cells in an individual's tumor 
incorrectly compute that they need not kill themselves, as normal cells would do in 
their condition. ff we understood the fundamental mechanisms by which cells make 
these decisions, we would stand an excellent chance of creating a tailored mixture of 
drugs that causes the tumor cells to compute differently, so that they commit suicide without 
harming normal cells. 

‘Another promising strategy takes advantage of the fact that essentially all cancer cells have 
acquired. defect in some aspect of their “DNA metabolism,” often some aspect of DNA repair 
that causes them tobecome highly mutable. This genetic instability of cancer cells is selected for 
early in tumor development, because only such cells can evolve the multiple additional changes, 
including defects in apoptosis, that are necessary for most cell types to become malignant. 

Cells that are too genetically unstable will die. Therefore, a treatment that blocks a 
particular DNA repair process can be lethal for a cancer cell, while sparing normal cells. 
Ifwe could determine why the cells ina particular individual tumor are genetically unstable 
(for example, which DNA repair protein has been altered during the evolution of that 
tumor), we might be able to design drugs that kill the cells in that cancer highly selectively, 
with little harm to normal cells. 

‘These examples of rational approaches to cancer therapy were only a dream until recently. 
‘But by targeting these types of alterations in cancer cells, researchers have made impressive 
progress and are thus much closer to being able to design highly selective therapies based on the 
critical molecular defects in an individual tumor. But for most tumors, this type of approach is 
still hit or miss, because oncologists are severely hampered by an inadequate understanding 
Of the fundamental processes that are altered ina particular tumor. My conclusion: IFT were the 
czar of cancer research, I would give a higher priority to recruiting more of our best young 
scientists to decipher the detailed mechanisms of both apoptosis and DNA repair, and I would 
give them the resources to do so. 


~Bruce Alberts 


10.1126/scence.1158084 
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of fig trees. The grubs stimulate the formation of a small gall and feed on the plant's tissue. The payback for the loss of 
‘reproductive power to the fig tree occurs when the young wasps emerge and carry their host’s pollen to other trees. 
Fortunately for the trees, wasps don’t lay eggs in every ovule in 3 syconium, even though in evolutionary terms this 
‘might seem a good strategy for the wasp; rather than being deterred by the tree itself, the fig wasps are in fact preyed 
‘on by another wasp. The parasitoid’s ovipositor is just long enough to penetrate the wall ofthe fig and reaches only the 
‘outermost ovules. Dunn et al. show that thanks to the packing architecture of the ovules within the syconium, the fig 


wasps predominantly use 


CLIMATE SCIENCE 
Catching a Cold 


Earth has wandered in and out of periods of 
‘extensive glaciation for hundreds of millions of 
years, The oxygen isotopic record of seawater 
indicates that the current Antarctic ice sheet 
began to form about 34 million years ago, across 
the Eocene-Otigacene transition, In contrast, 
‘extensive permanent ice sheets are thought not 
to have appeared in the Northern Hemisphere 
for another 25 million years. However, oxygen 
‘isotope ratios are affected by temperature as well 
asthe isotopic composition of the 

water itself which in turn is con 

trolled mostly by the amount of 

ice that exists in the environ- 

ment), 50 the cooling inferred 

{rom that record was not unequiv- 

‘cally established. Earlier work to 

construct a pure temperature 

record by measuring MigiCa ratios 

in foraminifera actually seemed 

to show that there was no appre~ 

cable ocean cooling 34 million 

years ago, implying that the drop in temperature 
believed to have occurred then was instead due 
to an earlier appearance of icein the Northern 
Hemisphere. Now, Lear et at. report results from 


‘Mg/Ca measurements of exceptionally well- 
preserved samples that show a 2.5°C tropical sea 
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surface temperature drop across the Eocene 
Oligocene boundary. This finding at last provides 
direct evidence of the cooling that had previ- 
‘ously been so difficult to demonstrate. — HIS 
Geology 36,251 (2008). 


evowution 
Crop Rotation 


Humans, attine ants, termites, and bark beetles 
have one thing in common—they all practice 
agriculture. The attine ants are found in the 
‘neotropics in South America; they grove and har- 
vest fungal cultivars; 
and they co-opt a fila~ 
‘mentous bacterium, 
‘which produces an 
antibiotic, to help con- 
‘rola parasitic Fungal 
“crop disease.” Schultz 
‘and Brady have calcu- 
bated a fossil-caibrated 
‘molecular phylogeny of 
the attine ants and 
suggest that agricul- 


‘ture arose only once, as it did in termites, and 
‘unlike in humans or bark beetles, where it 
evolved independently several times. From this 
single emergence, five distinct agricultural 5s 
tems developed, with the most primitive appear- 
ing roughly 50 million years ago. A radically dif- 


ner ovules that are out of range of the parasitoid, allowing the other ovules to mature into 
fig seeds and thereby stabilizing this mutualism. — CA 


PioS Biol. 6, €59 (2008). 


ferent fungal cultivar, coral fungus, was adopted 
later by some ant species, and in a third offshoot, 
the normaly filamentous Leucocoprineae fungi, 
‘common to most of the attines, were instead 
‘grown as nodules of single-celled yeast by select 
species. Further evidence for adaptive domestica- 
tion oftheir fungal crop is seen in the ant species 
(including the leaf-cutter ants) that carry out 
higher agriculture: These fungal cultivars cannot 
survive independently of the ant, unlike those 
cultivated under the other systems, and these 
fungi produce gongytidia—swollen nutritious 
hyphal tips harvested by their caretakers. — GR 
Proc. Mat. cod. Sc. USA. 205, 
10.1073/p2as.0711024105 (2008). 


PHysics 
Downsizing Synchrotrons 


Particle accelerators and synchrotron light sources, 
qualify as big science, not just in the questions 
‘they strive to answer but also in their sheer physi- 
calsize. At the same time, focusing petawatt laser 
pulses into gas samples can producea plasma 
«capable of generating and accelerating ions and 
clectrons up to energies of several hundred MeV, 
‘Whereas such electrons might traditionally be 
directed down an undulator—a linear chicane of 
alternating magnetic fields—to produce synchro- 
tron radiation, Kniep et at. show that the self 
Continued on page 23, 
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generated magnetic and electric fields present in 
the plasma channel can themselves be used as a 
miniature undulator. Xrays with energies up to 50 
keV can thereby be produced, offering the possbit- 
ity of reducing large-scale, national facity appara- 
‘us to instruments of more modest size. — ISO 
Phys. Rey. Lett 100, 105006 2008). 


maTeRIALS science 
Inching up the Wall 


‘The sight of iv clinging toa wall may evoke serene 
contemplation, but forthe plant, ending up these 
takes some work. How do the slender stems scale a 
sheer surface without slipping back down tothe 
ground? More than 100 years ago, Danwin noted a 
yell secretion accompanying the climbing 
process. Zhang etal have now taken a closer look 
and observed a multitude of nanoparticles ema- 
nating from disks that the ivy stems pressed. 
against silicon or mica substrates as they grew. 
‘After pulling away the branches, the authors used 
‘atomic force microscopy to characterize the fairly 
uniform distribution of ~70-nm-diameter parti- 


cles. Chemical analysis by extraction into organic 
solvent and subsequent high-performance liquid 
chromatography revealed a complex composition, 


Science Signaling 


DITORS'CHOICE 


of which the 19 most prominent components were 
characterized by mass spectrometry. These com- 
pounds ranged in molecular weight from ~300 to 
~700, comprising 18 to 38 carbons together with 
hydrogen, nitrogen, axygen, and sulfur. The pre- 
cise adhesion mechanism remains unclear, but the 
‘authors highlight the high surface area of contact 
fostered by nanoparticle secretion. — }SY 

‘ano Let. 8, 10.102 /n10725706 (2008). 


BIOCHEMISTRY 
Distinctive Individualism 


Single-motecule studies have shown that enzyme 
activites can differ substantially from the aver- 
‘age measured in ensemble experiments and that 
rates of a single enzyme can vary because of con- 
formational fluctuations. Most experiments, how 
ever, have not looked at a large enough number 
cof molecules to characterize the stochastic nature 
of enzyme kinetics. Rissn ef al. use an array of 
50,000 40-fl reaction chambersiin which most 
chambers were empty but approximately 5% 
contained a single molecule of B-galactosidase. 
Hydrolysis of a nonfluorescent substrate to a fluo- 
rescent product was monitored simultaneously for 
about 200 enzyme molecules, Averaged single- 
molecule tumover velocities agreed well with 
bulk measures, but there was a wide distribution 
in activites, confirming the heterogeneity within 
‘enzyme populations observed previously. The 
variability in rate was independent of substrate 
concentration, suggesting that it arises from 
variability in k_,. The effect of enzyme activity 
distribution on metabolic pathways remains to be 
determined. —W 

‘Aen, Chem. Soc. 130, 10.10214a711414f 2008). 


<< An Inside Job? 


Toll-ike receptor (TLR) 4, which recognizes bacterial 
cell wall components, interacts with the TIRAP-MyD88, 
pair of adaptor proteins to stimulate the production of 
inflammatory cytokines, and also with the TRAK-TRIF adaptor pair to stimulate the production of 
type | interferons. Curious about how TLR4 coordinates activation ofthese two signaling pathways, 
Kagan et af, analyzed TLR4 location in macrophages and found that it was present both at the 
plasma membrane and in early endosomes. Inhibition of dynamin-dependent endocytosis 
prevented lipopolysaccharide (LPS)-induced internalization of endogenous TLR4 and blocked 
TRAM-TRIF-dependent phosphorylation of the transcription factor IRF3 (and the expression of 
target genes) whereas TIRAP-NyD88-dependent phosphorylation of p38 mitogen-activated protein 
kinase and IxB. degradation were unaffected. Although TIRAP localized to the plasma membrane, 
TRAM was present at both the plasma membrane and in early endosomes, Analyses of LPS-induced 
‘tokine production by TRAM localization mutants indicated that TLRS signaling through TRAM- 
TRIF took place in endosomes. Noting that no knowin TLRs stimulate type interferon production 
fromthe plasma membrane (TLRA had been thought tobe the lone exception), the authors propose 
that TLR4 stimulates TIRAP-MyD88 signaling from the cell surface and initiates TRAM-TRIF 
signaling only after internalization. — EMA 


‘Nat. fersuncl. 9, 361 2008). 
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Order today, 
oligos tomorrow 


Next-Day Service for 
custom DNA oligos 


Invitrogen’s new US. 

express service allows you to order 
oligos and receive them the next 
business day. Just order online 
before 2 p.m. eastern time. 


Get 2 OD units guaranteed minimum yield 
(@5 nmol scale) for tube DNA oligos 7 to 40 
basesin length, witn the same quality control 
as our standard oligos 

(On-time shipment is gueranteed—if we 
don't ship your full order on time, the $1995 
Next-Day Service fee will be credited back 
to you. Next-Day Service is available in the 
United States only. 


Place your order now at 
www.invitrogen.com/oligos. 
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It's in His Kiss 

About 600 species of bacteria live in human 
mouths. Some cause cavities or periodontal dis- 
ease, whereas athers keep breath smelling 
fresh—but most have unspecified roles and are 
known only as DNA sequences. “All this myriad of 
data has been sort of dumped in GenBank,” says 
Floyd Dewhirst, a microbiologist at the Forsyth 
Institute in Boston, Massachusetts, “It’s become a 
meaningless Tower of Babel.” 

But no longer. Dewhirst and a team of scien- 
tists funded by the National Institute of Dental 
and Craniofacial 

Research in Bethesda, 
Maryland, organized all 
the sequences inthe 
Human Oral Microbiome 
Database, which went 
‘online 25 March 
(homd.org). Based ona 
new evolutionary tree, 
each species has been 
neatly assigned to a genus, numbered, and linked 
to bibliographic references. The entire database is 
searchable by key words and DNA sequences. 

Paul Lepp, a micrabiologist at Minot State 
University in North Dakota, says the database 
will help generate an ecalogical perspective of 
disease, encouraging researchers to study howe 
interactions among microbes foster health or 
disorder. The oral biome is the first of a series of 
microbiomes to go online; similar databases are 
in the works for skin, gut, and vaginal microbes. 


Gamblers Bad at Cards 


Why do gamblers on a losing streak keep play- 
ing till they go bust? Because their minds aren’t 
flexible enough to change course, a recent 
study concludes. 

Psychiatric researchers at the University of 
Pisa in Italy compared how well 20 recovering 
gambling addicts and a healthy control group 
matched for IQ performed on the Wisconsin 
Card Sorting Test. WCST measures “executive 
function” such as planning and shifting cogni- 
tive strategies. Subjects learn to sort cards (see 
illustration) according to a particular rule, 
which the experimenter then covertly changes; 
participants are judged by how well they 
pick up on the shifts In the Pisa study, the 


VMSoAM 
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‘Aeroponics—cultivating plants without soil or water—started to take off in 1983 when Rick Stoner 
cof AgriHiouse, a company in Berthoud, Colorado, patented a water-conserving, pesicide-ree way 
to grow crops. NASA chipped in funding for application to potential future space colonies, 

The colonies are still beyond the horizon, but commercial production of at-grown veggies is 
becoming a reality. Optometrist Larry Fortest of Frederick, Colorado, has expanded his aeroponic 
greenhouse to about 150 square meters, which may make him the world’s largest aeroponic 
farmer. His company, Grow Anywhere Air-Foods, grows tiny seedlings of mesclun and other greens 
for restaurants, misting their roots with a nitrogen- and calcium-rich spray every 20 minutes. 
Forrest's equipment involves several thousand nazzles, pipes, and other parts, But he says he is 
‘working on a simpler, cheaper 500-part system to sell to like-minded growers. 

“This isthe first I've seen someone else trying to make a go of it,” says Edward Harwood, who 
patented an aeroponic system with a cloth conveyer belt but couldn't make it pay. As far as the 
USS. growers knot, the technique hasn't caught on anywhere else in the world, But Stoner sees a 
big potential: The technology “can be set up anywhere, including Iceland or Antarctica,” he says. 


gamblers had much more difficulty adapting to 
new rules and, unlike the healthy people, actu- 
ally got worse with practice. The results, 
the scientists reported last week in 


thinking are there all along but “don’t show 
‘up until [people] get into gambling.” 


the journal Clinical Practice and \ << Astronaut 
Epidemiology in Mental Health, i 

indicate as of cognitive Family Humor 
‘rigidity’ ” that prevents people When the second Skylab 


from looking for alternative 
solutions to problems and fos~ 
ters the kind of “perseverating” 
thinking that gamblers indulge in. 
Yale University gambling 
researcher Marc Potenza says the study 
is interesting, but the results are uncertain 
given the small number of subjects and the 
fact that they suffer from other addictions and 
‘mental problems. Nonetheless, 


cred lifted off in May 
1973, the astronauts car- 
ried, unbeknownst to them, 
copies of this patch sent by 
‘their wives, it's a takeoff on the 
mission logo, adapted from the 
famous drawing by Leonardo da Vinci. 
last week, one of the 320 original parody 
patches was sold for $388.38 at an auction of 
space artifacts in Dallas, Texas. One item still 


Press 1-4 to psychiatrist Jon Grant ofthe anaiting a buyer: a moon dust scoop used dur- 
x sort card University of Minnesota, ing the 1971 Apollo 14 flight and presented to 
@ |_| Minneapolis, says the study backup commander Eugene Ceman, who 
* ] + underscores that gambling, became the last human to walk on the moon 


i 2 3 
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unlike, say, drinking, “is a cogni 
tive task.” And it raises the ques- 
tion of whether such flaws in 


the following year. It was expected to fetch as 
‘muich as $300,000, but no one picked it up, so 
it's now on sale for $162,325. 
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AWARDS 

James Galloway and Harold Mooney have 
won the $200,000 Tyler Prize for Environ- 
mental Achievement, administered by the 
University of Southern California in Los 
Angeles. Galloway, a researcher at the 
University of Virginia, Charlottesville, wins the 
honor for pioneering work describing how 
nitrogen affects the environment. Mooney, an 
environmental biologist at Stanford University 
in Palo Alto, California, is being recognized for 
helping to make ecological studies a global dis- 
cipline by starting or helping to launch efforts 
such as the Global Invasive Species Programme 
and the Global Biodiversity Assessment. 


i MOVERS 
2% HEAVYWEIGHT HIRE. Mark Yudo,alaw profes- 
i sor who has led the University of Texas (UT) 

since 2002, was last week named president of 
the University of Califomia (UO. Yudof takes 
over the 10-campus system from physicist 


7 
Three Q's 

Black seas, glowing ice- 
bergs, and moody skies now 


California-based photogra- 
pher Camille Seaman about 
her exhibit, “The Last 


{HEDIS TOP To BOTTOM ACCUNEATHERINC, COURTESY OF THE LEVELSON. WT PROGRAM CAMILE 


Iceberg.” based 
on several trips to 
the Arctic and 


It’s very important that people 
feel what [ felt when I was 
there: a sense of awe, of isola 


Collections 


‘weather and history bufls. 


Robert Dynes, who last year announced his deci- 
sion to step down following a series of contro- 
versial decisions including the approval of ques- 
tionable salaries and perks for some top-level 
UC employees. 

‘Yudof, 63, was president of the University of 
‘Minnesota for 5 years before taking charge of 
the UT system. In his new position, Yudof will 
receive a compensation package of $828,000, 
nearly twice as much as what Dynes was making 
but close to Yudor's current UT salary of 
$790,000. “He's expensive but worth it” 
Richard Blum, president of the UC Board of 
Regents, told the San Jose Mercury News. Yudot 
starts this summer, Dynes will return to being a 
professor at UC San Diego. 


RISING STARS 

BEATING BACTERIA. Timothy Lu’s new 
approach to eradicating biofilms has won him 
this year’s $30,000 Lemelson-MIT Student 
Prize for innovation. 


tion, and a bit of 


Q: How has climate 


icant. I went back on the same 
ship in 2006 to the same area, 
and there was nothing. [ 
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THERMOMETER KINGS. As a child Joe! Myers was entranced by the meter-tall 
“Prestone Antifreeze” thermometer across the street from his Philadelphia, 
Pennsylvania, home. Now, he owns the world’s largest collection of thermometers, 
and he's looking for a place to house them. 

‘Myers, 68, eared a PhD. inmeteorology and founded AccuWeather, a $100 mil- 
lion company in State College, Pennsylvania, that provides weather forecasts to 
‘media outlets. That made him the logical person for Richard Porter to seek out when 
the retired science teacher decided to sell his collection of 4000-plus thermometers, 
including an earring thermometer from a 1650 whaling ship. “Its been a labor of 
love," says Porter, 79, who dedicated his collection to his daughter, a teacher's aide 
‘who died in 1990, to honor girls who pursue careers in science. 

Myers bought the lot for about $20,000 and plans to combine it with his own 
collection of 300 antique barometers. He hopes the instruments will inspire 


Biofilms are layers of bacte- 
ria embedded in a protective 
‘matrix that makes them 1000 
times more resistant to antibi- 
otic than free-tving bacteria, 
‘Asa Ph.D. student in the lab of 
Boston University biomedical 4 
‘engineer James Collins, Lu engi- “ 
neered a bacteriophage to help eliminate the 
films, which contaminate food-processing 
equipment, pipes, and medical implants. 
Ordinary phages destroy bacteria but can’t pen- 
erate the biofilm matrix. Lu's modified phage 
forces infected bacteria to manufacture an extra 
enzyme that breaks dovin the matrix as well. 

Collins calls Lu, now in medical school, an 
“exceptionally creative entrepreneurial young 
scientist” and notes that Lu's work represents 
‘one ofthe first practical applications to arse 
from the new field of synthetic biology. Lu plans 
to use his prize money to help commercialize the 
engineered viruses. 


understood just how much we 


sadness but also _stand to lose and the impor- 
profound beauty. I tance ofa visual record. 

want them to 

understand that our _Q: Is there one iceberg that 
planet is beautiful, was most memorable? 

that the process The worst situation was at 
ofliving canbe Grand Pinnacle [Greenland]. It 
really beautiful. __ was so cold, and I was the only 


one out on deck. used a beau- 
tiful German camera, but it's 


dominate the rotunda at the Antarctica since 2003. change influenced the way completely metal, and it’s not 
US. National Academy of you look at icebergs? friendly to load. [literally 
Sciences in Washington, ‘Q: What do you want your ‘When Iwas in the Arcticin _almost lost my fingertips. I 
D.C. Science talked with audience to experience? 2003, the ice was really signif- learned the hard way that was 


not the right camera, 


Gat a tip for this page? E-mail 
people@aaas.org 
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AIDS RESEARCH 


China's innovative 
new telescope 


Review of Vaccine Failure 
Prompts a Return to Basics 


BETHESDA, MARYLAND—Itmay beastretchto 
call ita turning point, as one optimist did, buta 
I-day AIDS vaccine meeting held here last 
‘week undoubtedly marked a low point. Some 
of the more than 200 gloomy researchers gath- 
ered in a hotel conference room were grum- 
bling about a recent newspaper story in which 
AIDS researcher Robert Gallo compared last 
year’s failure of a major AIDS vaccine trial to 
the Challenger space shuttle disaster. During 
Tunch, an AIDS activist group called foran end 
to all AIDS vaccine research and testing, 

The summit’s convener, meanwhile, 
National Institute of Allergy and Infectious 
Diseases (NIAID) Director Anthony Fauci 
cheered the troops on: “Not only will we will 
not cut it; wherever possible, we will increase” 
funding for vaccine research, he declared. But 
he agreed that NIAID needs to seta new course 
fora field that seems to have hit a 
brick wall 

NIAID called for a summit 
earlier this year following the sus- 
pension in September of an inter- 
national trial of a Merck AIDS 
vaccine, which failed to protect 
against HIV infection and may 
even have made some people more 
susceptible (Science, 16 November 
2007, p. 1048). The devastating 
news led the National Institutes of 
Health (NIH) in Bethesda, Mary- 
Jand, to suspend plans for a trial 
of a similar vaccine of its own 
(Science, 21 December 2007, 
p. 1852). In January, 14 investiga- 
tors wrote Fauci urging NIAID to 
rethink its funding priorities and 
put less money into testing. The 
chief author, Ronald Desrosiers, 
director of the New England 
Regional Primate Research Center 
in Southborough, Massachusetts, 
told an AIDS conference in Feb- 
ruary that no vaccine in the 
pipeline has a chance of success 
and that NIAID has “lost its 
way” (ScienceNOW, 5 February 
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sciencenow sciencemag org/egi/content full 
2008/2051), 

Fanci said he agrees that NIAID needs to 
“torque” the $476 million AIDS vaccine 
extramural portfolio, to shift away from prod- 


Preclinical — 


development lineal 

S528 evelogment 
1% 3182 
38% 


Total NIAID extramural 
funding for HIV vaccine researc 


Midcourse correction. NIAID chief Anthony Fauci says that the 
institute needs to increase the share of vaccine research that goes 
for “discovery,” or basic research (now 47%), and spend less an 
testing candidate vaccines in the lab and in clinical trias. 


DNA from 


the earliest 
Americans? 


uct development and toward “discovery 
research.” “We really do need new and novel 
ideas,” agreed Carl Dieffenbach, director of 
the NIAID Division of AIDS. Although few 

specifics were offered participants agreed on 
worthy avenues of study. They include find- 

ing antibodies that thwart HIV; investigating 
the mucosal immune system, where the virus 
usually gets a foothold; and studying African 
monkey species that carry simianlike HIV but 
don’t get sick, as well as rare people who 
become infected with HIV but stay healthy 

without drugs. 

‘The summitalso considered another prob- 
Jem: the need for a predictive animal model. 
Participants agreed that the rhesus macaque 
system now used to test potential vaccines 
isn't working well. They would like to create 
more simian strains of the AIDS virus and 
develop standard testing protocols, as well as 
explore basic biology questions. Such plans 
will be constrained, however, by the high cost 
of animal studies and shrinking budgets of 
primate centers, noted speakers. “It going to 
be a cost-benefit analysis,” said pathologist 
Louis Picker of Oregon Health and Science 
University in Portland. 

‘The emphasis on discovery does not mean 
abandoning clinical studies, participants 
observed, “Human data trumps” other kinds of 
data, said Jerald Sadoff, president of the Aeras 
Global TB Vaccine Foundation in Rockville, 
Maryland. But decisions about testing prod- 
ucts should be made only with “broad input,” 
concluded Scott Hammer of Columbia Uni- 
versity. In the meantime, smaller human stud- 
jes can be used to answer fundamental ques- 
tions, he and others said. 

Others emphasized the need to mine data 
from existing trials. The Merck trial “could 
be a sterling scientific success if in fact we 
can decipher” what went wrong, said virol- 
ogist Warner Greene of the University of 
California, San Francisco, co-chair of the 
summit, which he hoped would be a historic 

“turning point.” 

How will NIAID fund more discovery 
research when NIH’s budget is stagnant 
and competition for grants is more intense 
than ever? Fauci said he wants to set aside 


funds for AIDS vaccine research but make ¢ 


the request for proposals “broad” to stimu- 
late creativity. He would also give priority 
to new investigators. He says he may start 
with $10 million in 2009, part from the 


wen sciencemag.org 


proposed $130 million trial of NIH’ vaccine, 
which if it happens may be downsized from 
8500 patients to 2000. Diefenbach says the 
agency “could move some money” to this pot 
from its international clinical trials network. 
Although the summit did not produce a 
detailed plan, Desrosiers, for one, seemed 
encouraged. Testing vaccine products is“ 
longer going to be the emphasis. Tony [Fauci] 
said it. That's a huge deal,” he said. Exactly 


SPACE SCIENCE 


Cancer's 
coconspirators 


‘what that means will become clear in coming 
months, others note. “It will require some bold 
and creative administration leadership,” says 
University of Pennsylvania professor emeritus 
and AIDS researcher Neal Nathanson, who 
wned the letter to Fauci but was unable to 


attend the summit. 

‘The most urgent issue—one not addressed 
at this meeting—is whether to go ahead with 
the trial of NIH’s vaccine. Fauci thinks the 


Steller sea lions 
introuble 


study still has merit because the vaccine’s 
design is “not the exact same” one as 
Merck's. He also points to a suggestion at the 
summit that the Merck vaccine might have 
protected a subgroup of patients—although 
he adds that such post hoc analysis of a small 
group is not statistically significant. Fauci 
expects to decide the fate of the NIH trial after 
the NIH AIDS vaccine advisory committee 
meets in late May. JOCELYN KAISER 


NASA's Stern Quits Over Mars Exploration Plans 


‘The twin Mars rovers have spent more than 
4 years trundling across the surface of the Red 
Planet. Last week, however, they created a stir 
back home—the resignation of S. Alan Stern 
as NASA‘ science chief after a running dis- 
pute with his boss, Administrator Michael 
Griffin, over how to manage the financial 
squeeze on NASA’ $4 6 billion science effort 

Stern'sabrupt departure from NASA head- 
quarters, effective next week, underscores 
how serious that crisishas become. Griffin has 
decreed that NASA's science budget will 
remain flat to accommodate a new launcher 
capable of taking humans to the moon despite 
rising costs fora host of projects, including the 
$2 billion Mars Science Laboratory (MSL). 
But cutting existing missions to make up for 
the growing shortfall is no simple matter. 

Last month, Stern’s office tried to offset a 
tiny fraction of a $200 million MSL overrun 
by ordering a $4 million cut to the rovers proj- 
ect, managed by NASA‘ Jet Propulsion Labo- 
ratory (JPL) in Pasadena, California. Faced 
with the budget reduction, JPL said it would 
havetomothball one ofthe rovers. When Griffin 
found out about the decision from media 
accounts, he reversed it in a move that 
reflected the lab’ political clout and the pub- 
lic’s fascination with the intrepid robots, 
(Opportunity and Spirit. The decision “was not 
coordinated with the administrator’ office.” a 

= NASA spokesperson said. Within hours, Stern 

4 announced his resignation, effective 11 April. 

Sources close to NASA headquarters say 
that Griffin feels Stern, a planetary scientist 
who came to Washington, D.C., I year ago, 
has repeatedly failed to tell him about major 

E decisions and that the plan to shut down one of 

5 the rovers—which outraged congressional 


supporters and made headlines around the 
country —was the last trav. Other managers, 
however, say that Stern believes Griffin has 
tied his managerial hands by blocking efforts 
tocut or delay politically sensitive projects. 
|ASA officials say Griffin favors cutting 
less popular parts of the budget, including 
funding for science grants, but that Stern has 
resisted that approach. “Mike didn’t like 
Alan’s solutions,” explains one NASA offi- 
cial. “Mike told him how to fix it. Alan didn't 
like the solution and resigned.” 

Stern told Science that he’s leaving 
because he does not want to make cuts to 
healthy projects and research grants to cover 
overruns in other programs. The rover is just 
symptom of a larger problem, he says. Griffin 
praised Stem in a terse statement and named 
Goddard Space Flight Center Director 
Edward Weiler—a former science chief him- 
self—as temporary replacement. 

Stern has said that the overall Mars pro- 
gram should shoulder the burden of the over- 
runs in the MSL project. NASA's 2009 
budget request, for example, cut in half the 
planned finding for Mars exploration during 
the next 5 years (Science, 29 February, 
p. 1174). That decision prompted an outcry 
from both scientists and lawmakers. “[Stern] 
wanted to strangle Mars to pay for other 
things,” says John Mustard, a planetary sci- 
entist at Brown University, who heads a key 
Mars advisory committee. 

‘Weilersays he's aware of the difficult prob- 
lems facing the science office, which he 
headed from 1998 to 2004, and that he is not 
afraid of killing a project if NASA can'tafford 
it: “I canceled seven missions. I'm no 
pushover.” He notes that he scrapped and 


Quick exit. S. Alan Stern is leaving NASA after 
“year as science chief, 


rebuilt the entire Mars program in 1999 after 
the failure of two Mars missions. He promises 
to revisit the 2009 budget plan, given “all the 
criticism” from the science community. He 
says he will consult with scientists about 
whether to focus resources on a single Mars 
sample-return project—a highlight of the 
2009 plan—or use the money to fund several 
missions. And he promises to find the 
resources to push for smaller and cheaper mis- 
sions using modest Iaunchers. 

Weiler has also had an unfortunate 
encounter with a beloved program. His pro- 
posal to cancel a 2004 mission to service the 
Hubble Space Telescope created a public 
furor and eventually led NASA to reverse 
itself. “There are three things you don't do 
at NASA,” he jokes. “That is cancel Spirit, 
Opportunity, or Hubble” ANDREW LAWLER 
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MICROBIOLOGY 


Germs Take a Bite Out of Antibiotics 


As faras patients and doctors are concemed, 
bacteria are supposed to do one thing when 
they encounter antibiotics: drop dead. But a 
broad survey of soil microbes shows that 
‘numerous species devour even the most potent 
drugs. The craving for antibiotics is wide- 
spread across environments and bacterial 
groups, researchers report on page 100, Fueling 
‘worriesabout the dwindling power of ourmain 
‘weapons against infections. 

Although a few previous studies had 
identified antibiotic-eating strains, 
“nobody had done a systematic 
search like this,” says chemical biol- 
ogist Gerry Wright of McMaster 
University in Hamilton, Canada. 


biotics provide a meal 

‘The team gathered soil from 11 sites that 
have varying degrees of exposure to buman- 
‘macle antibiotics—from a cornfield that had 
been fertilized with manure from cows fed 
antibiotics to an untouched patch of temper- 
ate forest. Every locale harbored bacteria that 
‘could survive with nothing to eat but antibiotics. 

The diners hailed from 11 orders of bac- 
teria and included relatives of pathogens such 
as the gut invader Shigella flerneri and the 
noxious Escherichia coli 
strain 0157:H7. Compared 
with “conventional” antibi- 
otic-resistant bacteria, the 
ddrug-eaters were “uberbugs” 
They could tolerate antibi- 
otic concentrations 50 times 
higher than what qualifies a 
bacterium as resistant. More- 
over, each of the 18 medicines 
the team tested—including 
pharmacy staples such as 
penicillin, ciprofloxacin, and 
kanamycin—could provide 
nourishment for at least one 


type of bug. 

= “Almost all the drugs that 
we consider as our mainline 
MA defense against bacterial infec- 
— tions are at risk from bacteria 
Taste test. Harvard Univesity researchers Morten Sommer and Gautam that not nly resist the drugs but 
Dantas and clleagues used si samples from a Massachusetts forest eat them for breakfast,” says 
and a cornfield (inset to screen for antibiotic eating microbes Church. He doesn’t yet know 
bow bacteria tum these suppos- 

“v's one of those papers that unveils a whole edly lethal compounds into a meal 


new area of research.” 

Eighty years after Alexander Fleming dis- 
covered penicillin on a moldy culture dish, the 
battle against killer bugs is faltering. More and 
more bacteria—including insidious tuber- 
cculosis strains that have cropped up (Science, 
15 February, p. 894)—now shrug off almost 

= all antibiotics. Meanwhile, few new antibi- 
8 oticsarereaching the clinic. Medicine ison the 
§ defensive, says microbiologist and physician 
= Stuart Levy of Tufts University School of 
§ Medicine in Boston. “We are not keeping up 
With the bacteria” 

Geneticist George Church of Harvard 
© Medical School in Boston and colleagues 
2 had not planned to dig up more grim news 
§ about antibiotics. These researchers were 
3 hunting for microbes that could convert 
2 agricultural waste into biofuels and were 
€ using antibiotics in their control studies. 
§ But for some bacteria, they learned, anti- 


‘The medical importance of these con- 
sumers is also unknown. In principle, the 
‘germs could cause trouble in two ways, says 
‘Wright. Microbes that are usuall 
‘ous might pick on people, such as AIDS 
patients, who have crippled immune sys- 
tems. Moreover, soil bacteria pass around 
resistance-conferring genes like teenagers 
swap downloaded music files, and patho- 
‘genic bacteria could likewise pick up antibiotic- 
digesting genes, particularly from a closely 
related microbe. 

However, nobody has identified a patho- 
‘genic bacterium that can chow down on the 
drugs, Church notes. And bacteriologist Jo 
Handelsman of the University of Wisconsin, 
Madison, thinks it’s unlikely that disease- 
causing bugs would switch to an antibiotic 
diet: “There are much yummier and easier 
things to eat in the Iman body.” 

MITCH LESUE 


IENCE 


Chimp Center Proposed 

A Louisiana-based foundation wants to build a 
facility to house as many as 250 great apes in 
a setting that would be part tourist attraction, 
part sanctuary, and part research center, 

‘The National Chimpanzee Observatory and 
Great Ape Zoological Gardens would “allow 
chimps to seamlessly participate in behavioral 
and cognitive research and have a naturalistic 
‘outdoor environment,” says psychologist 
Daniel Povinell of the University of Louisiana, 
Lafayette, who directs the foundation behind 
the concept. He says the 120-hectare center, 
near Lafayette, Louisiana, would help main- 
tain genetic viability in the captive chim- 
panzee population despite a U.S. moratorium 
‘on breeding chimps for research. 

‘Supporters have asked the Louisiana legisla- 
ture fora $10 million down payment on a 
$256 million investment, hoping that admis- 
sions and concessions will cover operating costs 
“There's the potential for this to have enormous 
benefit to chimpanzees,” says primatologist 
Rob Shumaker of the Great Ape Trust of lowa in 
Des oines. “ELSA YOUNGSTEADT 


OPE 


Second Chance for Your Euros 


PARIS—Young researchers in four European 
countries who miss out on the first Starting 
Grants from the European Research Council 
(ERO) may get a second chance. In a move that 
expands ERC's clout, France, Italy, Switzerland, 
and Spain have announced plans to make spe- 
«al funding available for those who meet 
ERC's criteria but end up missing the cut. 

‘Out of more than 9000 proposals in bio- 
medicine, physics, engineering, and social 
sciences, ERC has selected 430 as worthy of 
funding; but although its €290 million 
budget for this round may yet increase some 
‘hat, it will suffice for only the best 300 or 
So. (The first contracts will be signed soon.) 
Recently, however, Italy's Ministry of Univer- 
sity and Research promised €30 million to 
support italian researchers likely to lose out, 
‘and France’s national research agency, CNRS, 
‘will pony up €10 million for its nation’s sci- 
entists. The Swiss National Science Founda- 
tion has similar plans. The Spanish science 
and education ministry will offer 25 candi- 
dates a 1- or 2-year “bridge fund’ to set up 
shop while they reapply to ERC or secure 
funding elsewhere 

‘The country-level support is “an early 
acknowledgment ofthe intrinsic quality of the 
ERC’s peer-review evaluation mechanisms,” 
ERC President Fotis Kafatos said in a statement. 

MARTIN ENSERINK 
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ASTRONOMY 


China’s LAMOST Observatory 
Prepares for the Ultimate Test 


XINGLONG, CHINA—The towering white edi- 
fice on the ridge looks like a futuristic missile 
silo pointed at Beijing ora marvel of construc- 
tivistarchitecture. Last year, when astronomer 
Donald York of the University of Chicago in 
Mlinois laid eyes on the sleek structure perched 
above the town of Xinglong, 170 kilometers 
northeast of Beijing, “T'was, frankly, stunned” 
he says. That'sa reaction Chu Yaoquan expects 
from the uninitiated when the Large Sky Area 
Multi-Object Fiber Spectroscopic Telescope 
(LAMOST) comes into view after rounding a 
bend on the road to Xinglong Observing Sta- 


LAMOST leaders. Cui Xiangqun (right) heads the telescope’ e 
YYaoquan leads te scientific group that plans to begin spectral surveys next year 


tion. “Its totally unlike any other telescope in 
the world” says Chu, LAMOST’S project sci- 
entist and an astrophysicist at the University of 
‘Science and Technology of China in Hefei 
The science should be out of this world, 
too. LAMOST is designed to peer deeper into 
space and measure more spectral emissions 
than the project that inspires i, the Sloan Digital 
‘Sky Survey (SDSS). Perhaps the most ambi- 
tious astronomical survey ever undertaken, 
‘SDSS has imaged300 million celestial objects 
and measured spectra of 800,000 galaxies, 
300,000 stars, and 104,000 quasi-stellar 
objects (QSOs), bright galactic cores harbor- 
ing black holes. “LAMOST goes well beyond 
SDSS; says York, the Sloan surveys found- 
ing project director. LAMOST’s spectral del- 
uge of tens of millions of galaxies and stars 
should offer new insights into galaxy forma- 
tion, including our own Milky Way. “We 
know how stars form and how our universe 
formed. But we still don't know how galaxies 


form” says Chu. 
Engineers this month are installing 
LAMOST’ eyes and optic nerves: I-meter- 
‘Wide hexagonal sections ofits two mirrors and 
the 4000 optical fibers on its focal surface that 
will feed starlight into a battalion of spectro- 
graphs. Viewing conditions at Xinglong, in 
China’s industrialized north, are not ideal: 
Independent experts say that siting the scope 
in western China would have been better. 
Every week, dust and sand 
blown in from the Gobi 
Desert have to be 


yeering team; astrophysicist Chu 


brushed off the correcting mirror. On the 
bright side, Xinglong, in the foothills of the 
Yanshan Mountains, gets an average of 
270 clear nights of viewing each year. The 
‘whole system—which has cost $40 million so 
far to build—should be in place by fall, when 
final testing will begin, says LAMOSTS chief 
engineer, Cui Xiangqun, director of Nanjing 
Institute of Astronomical Optics and Tech- 
nology. Data collection should begin in 
eamest next year. 

For Cui and Chu, first light will mean the 
end of a long journey to bring LAMOST into 
this world. Broadly speaking, optical tele- 
scopes come in two flavors: those with a large 
aperture that gaze deep into space—and 
deeper into the past—but are confined toa 
field of view that’s smaller than the fall moon, 
and those that take in many moons’ worth of 
sky. “Its difficult to get both area and depth at 
the same time,” says Cui. At any moment, the 
SDSS's 2.5-meter telescope in New Mexico 


images a spectroscopic area of 7 square 
degrees of sky, about 28 fall moons. “We took 
a different approach,” says Chu. 

In 1994, two senior astronomers—Wang 
Shouguan and Su Dinggiang—along with 
Chu, Cui, and Wang Yanan unveiled a 
concept fora telescope that can see both far 
and wide. A 4-meter Schmidt correcting 
mirror—the largest of its kind—tracks the 
‘motion of objects and reflects their light onto 
a fixed 6-meter primary mirror. A key inno- 
vation is an active optics system that 
deforms the correcting mirror’s 24 plates 
individually, compensating for the spherical 
aberration of the primary mirror and bring- 
ing both mirrors into focus simultaneously. 
The primary mirror focuses light from the 
4-meter flat mirror onto the focal surface, 
forming an image of the sky spanning 
20 square degrees, or 80 full moons. 

At the focal surface, light from individual, 
objects streams into individual optical fibers 
feeding into the spectrographs, which parse 
the light into spectra with wavelengths ranging 
from 370 to 900 nanometers. The dispersed 
light is collected on charge-coupled device 
detectors. “It's groundbreaking in its elegant 
optics and the number of fibers simultane- 
ously placed on the sky” says York, 

LAMOST came along at an auspicious 
time, as astronomers were emerging from the 
Cultural Revolution. “Isaw itasa project that 
could rally the community,” says Douglas 
Lin, an astronomer at the University of Cali- 
fornia, Santa Cruz, and director of the Kavli 
Institute for Astronomy and Astrophysics in 
Beijing. China approved LAMOST as a 
‘major project in 1996. At the time, Chu says, 
many skeptics doubted whether the team could 
pull off the active optics system, which uses 
34 actuators to deform each of the correcting 
mirror’ 1 L-meter segments and to position the 
4000 fibers during observations. “This was the 
most challenging part of the design,” says Cui, 
In 2005, on the eve of construction, China's 
National Astronomical Observatories asked 
York and Richard Ellis, an astronomer at the 
California Institute of Technology in Pasadena, 
toco-chaira panel of foreign experts toreview 
LAMOST. Their report identified engineering 
and management issues that project manager 
Zhao Yongheng says have mostly been put to 
rest. Last year, Cui and her staff installed and 
tested portions of the two segmented mirrors, 
along with the focal surface. “The test demon- 
strated that the design works,” she says. 

‘Once Cui’ team wraps up the engineering, 
itwill be up to Chu’s team to come up with the 
discoveries. They have three main objectives. 
One is to acquire spectra from hundreds 
of thousands of galaxies to shed light on 
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universe structure and, for instance, the role of 
enigmatic dark energy. LAMOST should be 
able to peer twice as deep into space and time 
as the Sloan survey, says Chu. It should also 
find scads of QSOs. A QSO influences star 
formation throughout its galaxy, but how it 
does so is a mystery. “LAMOST can make 
‘great headway on this problem,” says York. 

‘A second aim is to scrutinize our own. 
galaxy. “We still don’t have a clear idea about 
our galaxy’s structure,” Chu says. SDSS pio- 
neered the use of color filters forthe classifica 
tion of star types. LAMOST should be able to 
extend this work by finding dispersed families 


DEFENSE RESEARCH 


of stars. By parsing spectra of millions of stars 
in the Milky Way, “we can get the whole his- 
tory of own galaxy.” Chu says. A third objec- 
tive is to unmask anomalous objects found in 
radio, infrared, and other surveys by analyzing 
their optical spectra. 

Because of the daunting technical chal- 
lenges, not everybody in China's scientific 
community is enamored of LAMOST. But 
‘York, for one, is a fan. LAMOST, he says, 
“is very beautiful and seems to be accom- 
plishing its [engineering] goals.” Its poten- 
tial for groundbreaking science will soon be 
ut to the test. “RICHARD STONE 


U.S. Asked to Bolster Ties With China 


‘The US. military has more to gain than lose by 
‘working with Chinese scientists on fundamen- 
tal research. So says the Pentagon’s former 
director of basic research, William Berry, in 
arguing for the removal of obstacles to scien- 
tific cooperation between the US. Department 
of Defense (DOD) and China despite the mili- 
tary rivalry between the two countries. 

‘Berry, now a researcher at the Center for 
‘Technology and National Security Policy at the 
National Defense University in Washington, 
D.C, writes with colleague Cheryl Loeb in a 


Defense Research and Engineering office. 
“But there is also concem about giving away 
too much information. ... We are going 
through those debates right now.” Shaffer 
agrees thatthe benefits of collaboration would 
outweigh the risks to national security as long 
as there are “checks and balances” 

Others are not so sure. Larry Wortzel, chair 
of the U.S.-China Economic and Security 
‘Review Commission, a federal advisory body 
that monitors the security implications of 
‘US.-China trade, says any research, no matter 


working paper published by his how fundamental, could ulti- 
center last week that collaborat- ‘mately help strengthen the Chi- 
ing with Chinese researchers at Jy Was EAGEED nese military. “Science is not 
a time of rapid growth in F. neutral, and it eventually has 
China’ science and technology pplication,” says Wortzel, who 
investment will help DOD stay calls the idea a dangerous mix 
onthe cutting edge of materials, of “scientific tourism” and 
biotechnology, energy sci- “the desire to link hands in 
ences, and other disciplines rel- the name of science and sing 


evant to long-term U.S. security 
interests." It wouldaalsohelp the 
US. military leam more about 


“Kum Ba Yah.” In its most 
recent annual report to the 
U.S. Congress, the commis- 


China's scientific capabilities, sion advised caution in all S&T 
says Berry. who was wowed by engagements with China, 
a Visitto Shanghai's Fudan Uni- including collaborative proj- 
versity last fall. As first steps China watcher. Berry says ects funded by the National Sci- 
‘toward fostering these links, the research is a two-way street. ‘ence Foundation (NSF) and the 
authors want DOD to encour- departments of Energy and 


age its program managers and scientists to 
travel to Chinese universities, establish a liai- 
son office in China, and sponsor visits by Chi- 
nese academics to US. insttations. 

Esa controversial idea among defense pol 

5 icy analysts. “A number of people at the 

8 agency are receptive to having a more open 

E exchange with China,” says Alan Shaffer, 

8 director of plans and programs within the 

i 

8 


+ warw.ndu.edu/cinsp/Del_Tech/DTP9%2047%20 
Engaging%20sith%20China pdt 


Health and Human Services. NSF and 
DOE have both established offices in Bei- 
jing in the past 3 years, and an official at the 
Office of Naval Research says ONR is 
exploring the idea. 

‘A Hill staffer familiar with the debate 
thinks that Berry is walking a political 
tightrope. “It may be hard for DOD to make 
the case that the collaborations will somehow 
have value for DOD but not the Chinese mili- 


tary," says the aide. ~YUDHIJIT BHATIACHARJEE 


IENCE 


After the Nobel 


‘The Intergovernmental Panel on Climate 
‘Change (IPCC) has demonstrated the tremen- 
‘dows value in exhaustive studies on the state of 
climate science. But after delivering its fourth 
such assessment last year and then picking up a 
Nobel Prize for its 2 decades of labor, some sci- 
entists are thinking that mote frequent, shorter 
special reports on howto fix the problem might 
better serve policymakers. “Do we need to say 
‘we are now realy, really, really certain that 
human influence is changing climate? No, the 
‘questions have changed. So should IPCC,” says 
Kevin Trenberth of the National Center for 
‘Atmospheric Research in Boulder, Colorado, 
Next week, the panel will meet in 
Budapest, Hungary, to take up that issue and 
other matters, including how to spend its 
$876,000 Nobel windfall. One idea is 
student scholarships. ELI KINTISCH 


OPE 


Popping the Question 
‘The National Science Foundation (NSF) is on 
the verge of adding a question to the U.S. cen- 
sus that will help it paint a clearer picture of 
the technological sills ofthe U.S. workforce. 
Pending White House approval this spring, the 
U.S. Census Bureau will ask college graduates 
responding to its American Community Survey 
about their major field of study. The annual 
70-question survey provides data on income, 
housing, and other matters needed to run var= 
ious mandated government programs. 
Residents are currently asked only about 
their highest level of education attained, giv- 
ing NSF no clue to their scientific savvy. 
IEFFREY MERVIS 


Radiation Risks Neglected 


NASA needs to pay more attention to radia~ 
tion risks facing astronauts on extended 
missions to the moon and Mars, warns a 
U.S. National Academies panel. The report 
urges NASA to beef up its space radiation 
research program, in which grants have 
dropped by half in the past 2 years to $15 mil- 
lion, NASA is building a new launcher capable 
‘of taking astronauts beyond low-Earth orbit, 
the panel notes, without knowing how much 
shielding is necessary to protect astronauts 
from potentially deadly cosmic rays and solar 
particles, which can cause short-term damage 
and long-term injury. The report calls for 
NASA to work with other agencies, such as the 
Department of Defense or the National 
‘Oceanic and Atmospheric Agency, to better 
understand space-radiation hazards. 
ANDREW LAWLER 
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DNA From Fossil Feces Breaks Clovis Barrier 


‘Who were the first Americans? A decade ago, 
‘most archaeologists bestowed this distinction 
upon the so-called Clovis people, who left ele- 
gantly fluted projectile blades across the 
United States and Central America beginning 
about 13,000 years ago. But since the late 
1990s, evidence for an earlier peopling of the 
Americas has steadily accumulated. 

Now, in a Science paper published online 
(wwwsciencemag org/cgi/content/abstract/ 
1154116) this week, an international team 
reports what some experts con- 
sider the strongest evidence yet 
against the “Clovis First” posi- 
tion: 14,000-year-old ancient 
DNA from fossilized human 
excrement (coprolites), found 
in caves in south-central Ore- 
gon. “This is the smoking gun” 
for an earlier colonization of 
the Americas, says molecular 
anthropologist Ripan Mathi of 
the University of Mlinois, 
Urbana-Champaign. The new 
work, combined with recent 
finds at even earlier sites in 
Florida, Wisconsin, and else- 
where (Science, 14 March, 
p. 1497), “add up to a human 
presence on the continent by first Americans. 
15,000 years ago,” says geoar- 
chaeologist Michael Waters of Texas A&M 
University in College Station. (AN dates are 
jven in calibrated calendar years.) 

‘But some members of both camps cau- 
tion that the team has not entirely ruled out 
the possibility of modern contamination— 
or that the feces were left by dogs rather 
than people. There is “an element of doubt,” 
says anthropologist Thomas Dillehay of 
‘Vanderbilt University in Nashville, Ten- 
nnessee, whose excavations at a 14,600-year- 
old Chilean site also challenge the Clovis 
First paradigm. 

‘The 14 coprolites were found in 2002 and 
2003 during excavations in Oregon’s Paisley 
Caves, led by archaeologist Dennis Jenkins of 
the University of Oregon, Eugene. From the 
size, shape, and color of the coprolites, Jenkins’ 
team concluded that they had been produced 

xg by humans. The researchers then joined up 
‘with ancient DNA specialists Eske Willerslev 
and Thomas Gilbert of the University of 
Copenhagen in Denmark (Science, 6 July 
2007, p. 36). The pair succeeded in extracting 
£ human mitochondrial DNA (mtDNA) with 
§ genetic signatures typical of Native Ameri- 


Prehistoric poop. Coprolites from Oregon's 
Paisley Caves (inset) push back dates for the 


‘cans —and not shared by any other population 
_groups—from six of the coprolites. 

Because the coprolites were not exca- 
‘vated under sterile conditions, the team was 
not surprised to find modem mtDNA con- 
tamination from people of European origin. 
‘To ensure that the Native American DNA 


researchers analyzed the mtDNA of all 
55 people presentat the dig, plusall 12 scientists 
at the Copenhagen lab. None had the Native 


American signatures. 
‘Next, the team called in 
two other well-known 
ancient DNA labs, which 
each independently veri- 
fied the findings. Finally, 
two leading labs radio- 
carbon-dated the coprolites and found that at 
Teast three were 14,000 years or older. 

“This isan excellent paper that will set the 
agenda for future research,” says ancient 
DNA researcher Terry Brown of the Univer- 
sity of Manchester, UK. “Lam convinced that 
the [human] DNA they detected is not mod- 
em contamination.” Adds anthropologist 
David Smith of the University of California, 
Davis: “If this doesn't convince what’ left of 
the Clovis First people, it should.” 

However, Brown, along with leading pre- 
Clovis skeptics such as Stuart Fiedel of the 
Louis Berger Group in Washington, D.C., 
says that the coprolites do not make an airtight 
case for pre-Clovis occupation. That's 
because the team also reported finding canid 
DNA in three coprolites. The co-authors sug 
gest that humans might have eaten canids— 


dogs, cayotes, or wolves—or canids may have 
‘urinated on the human feces. But if these were 
actually canid rather than human coprolites, 
some researchers say, it might be the other 
way around: The DNA could be from the 
urine of humans who ventured into the caves 
Jong after the coprolites were deposited. “The 
coprolites are the same size and shape as both 
hhuman and canid feces, and less than half of 
the [14] coprolites had human DNA in them,” 
notes anthropologist Gary Haynes of the Uni- 
versity of Nevada, Reno. 

‘Team members reject this explanation 
and offer yet more data as evidence: They 
tested for and found human proteins in three 
coprolites, including two dated to about 
14,000 years ago. “This nongenetic test 
requires more human protein than can be 
expected from urination,” explains Willerslev. 
Jenkins adds that human hair was found in 
the coprolites too. “Whether the coprolites 
are human or canine i irrelevant, since fora 
canine to swallow human hair people had to 
be present in that environment,” he says. 
“People eat canines, canines eat people, and 
canines eat human feces. 
‘Any way you cut the 
poop, people and dogs 
‘would have to be at the 
site within days of each 
other 14,000 years ago.” 

Such an early date 
nines any claims of Clo- 
vis priority, because 
demographic studies 
have shown that early 
colonizers could have 

fanned out across the 
United States in as little as 100 years. “The 
(Clovis First argument is pretty much dead in 
the water.” says archaeologist Jon Erlandson 
of the University of Oregon, Eugene. “But 
our knowledge of what came before is still 
very sparse." 

Erlandson, Waters, and others say the 
coprolite data bolster the idea that when the 
first Americans came east from Asia, they 
arrived on the Pacific Coast rather than taking 
aminland route. At 14,000 years ago, ice sheets 
‘would have mostly blocked the inland path. 
The coastal theory is attractive to many, but 
archaeological details have been scarce. Says 
Jenkins: “We may not know much about the 
first Americans, but if we are going to search 
for [them], we need to be working beyond the 
13,000-year Clovis barrier” 

“MICHAEL BALTER 
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All in the Stroma: 
Cancer's Cosa Nostra 


After focusing for decades on what happens within tumor cells to 
make them go wrong, biologists are turning to the tumor environment 


and fin 


‘As several spectacular cases have shown, 
corporate criminals can operate for years, 
bending office systems to their needs and 
co-opting others into their nefarions deeds. 

Eventually, the malfeasance can threaten 
the entire company. So it is with cancer 
cells. Cancer biologists have recently been 
coming to grips with the fact that tumor 
cells get a lot of help from the cells around 
them. Such collusion is not the source of 
disease: More than 30 years of research 
have shown that mutations in a cell’s own 
DNA initiate the changes that put it on its 
destructive path. But “people are realizing 
that the tumor environment is a coconspira- 
tor,” says Zena Werb of the University of 
California, San Francisco (UCSF). 

“There's been a clear shift in interest.” 

‘A variety of cells in and around tumors 
help cancer cells survive, grow, and then 
spread to new locations where they seed 
metastases. Investigators are beginning to 
trace out the biochemical lines of commu- 
nication that enable this aberrant behav- 
ior—information that could help drug 
developers devise new strategies for com- 
bating cancer. “People are excited about 
potential new [drug] targets in the tumor 
microenvironment,” says Lynn Matrisian of 
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Vanderbilt University School of Medicine 
in Nashville, Tennessee. 

Although this work is still in its early 
stages, researchers have identified some 
key molecules in communication pathways 
that could serve as targets. These include 
some relatively unfamiliar characters as 
‘well as some old friends, such as the protein 
VEGE, which stimutstes angiogenesis, the 
formation of the new blood vessels that 
tumors must acquire as they grow. Drugs 
that inhibit VEGF's action are already in 
use in the clinic. Their effects are relatively 
modest, but they do indicate that targeting 
the tumor environment has promise. 


Trouble in the stroma 

Researchers have known for many years 
that a tumor is more than a homogeneous 
mass of cancer cells. Itincorporates several 
other cells, including fibroblasts, inflam- 
matory immune cells such as macrophages, 
and the smooth muscle and endothelial 
cells of the blood vessels—all imbedded in 
aan extracellular matrix that fibroblasts pro- 
duce. Cancer researchers paid little atten- 
tion to this tumor microenvironment, or 
stroma, until the mid- to late 1990s. 

At the time, one of the few investigators 
systematically pur- 
suing the question 
of how the tumor 
microenvironment 
influences cancer 


<3 


tS) development was 
Sa Mina Bissell of 
- Lawrence Berkeley 
Sry National Laboratory 
‘ in Berkeley, Califor- 


nia. Bissell’s team 
got interested in 
cell surface proteins 
called integrins 
that help assemble 
organized tissues by 
forming contacts 
between cells and 


with the basement membrane. In 1997, 
Bissell and her colleagues reported that 
treating human breast cancer cells with an 
antibody directed at an integrin caused 
them to behave more like normal cells. In 
mice, for example, they formed fewer 
‘tumors than untreated cancer cells. 

Conversely, antibodies directed against 
different integrin could make normal cells 
behave like cancer cells. These results 
showed that simply disturbing cellular 
interactions, and thus tissue architecture, 
can dramatically alter cell behavior. Bissell 
says this is evidence for what she has long 
argued: “Structural integrity needs to be 
maintained for signaling to be maintained.” 
she says. “When that doesn’t happen, you 
get tumors.” 

Other research in the Tate 1990s impli- 
cated so-called tumor-associated fibrob- 
lasts (TAFs) as important coconspirators 
the development of the common solid 
tumors, such as those of the breast, 
prostate, lung, and colon. These cancers 
originate in epithelial cells, which form 
the inner linings of the intestines and 
lungs and of the ductwork of the mam- 
mary and prostate glands. In 1999, Gerald 
Cunha and colleagues at UCSF showed 
that nonmalignant prostate epithelial cells 
grown in culture with prostate TAFs 
acquired the ability to form tumors when 
transplanted into mice. The researchers 
concluded that TAFs had undergone 
changes that resulted in their production 
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of growth factors or other substances that 
can make cells cancerous, 

Since then, cancer biologists have 
been finding that essentially all compo- 
nents of the tumor stroma contribute to 
cancer’s growth and spread. This includes 
the cells involved in forming the tumor 
blood vessels, the focus of pioneering 
work begun more than 2 decades ago by 
the late Judah Folkman. More recently, 
the role of macrophages and other inflam- 
matory cells in promoting cancer has 
come in for a lot of attention (Science, 
5 November 2004, p. 966). 


Cancer stimuli 
With the role of the microenvironment now 
‘well established, researchers are investigating 
how the various stromal components interact 
with cancer cells to promote growth and 
metastasis. “The question now is how do these 
things talk to each other,” Werb says 

Matrisian cautions, however, that answering 
that question won't be easy. “There's incredi- 

ble complexity,” she says. “For 35 years, 

‘we've been working on the tumor cells. Now 
‘we're adding five to six cell types.” 

One of the important communication 
molecules to emerge from this jumble is 
transforming growth factor-B (TGF-B), a 
protein best known as. suppressor of tumor 
growth. About 4 years ago, Harold Moses 
and colleagues at Vanderbilt University 
School of Medicine provided evidence that 
TGE-B doesn’t have to act directly on can- 


cer cells to inhibit their growth. As 
described in the 6 February 2004 issue of 
Science (p. 848), when the Vanderbilt team 
inactivated the receptor through which 
TGF- exerts its effects in mouse fibro- 
blasts, the animals developed early signs of 
prostate cancer and also more advanced 
invasive carcinomas of the stomach. 

Turning to a different form of cancer, 
Moses and his colleagues transplanted 
mammary carcinoma cells, together with 
fibroblasts lacking the 
TGF-B receptor, into 
mice. Those animals, 
Moses says, “got more 
aggressive cancers and 
many more metastases” 
than when normal fibrob- 
lasts were used. The 
altered fibroblasts appear 
to stimulate cancer 
growth by producing 
transforming growth 
factor-a and hepatocyte 
growth factor. Loss of 
the ability to respond to 
‘TGE-B might therefore be 
one of the changes that 
cause fibroblasts to stim- 
ulate cancer growth. 

‘The conspiracy hatched 
in the stroma does more 
than help cancer cells grow; it can also help 
them move—and metastasize. More than 
20 years ago, a group of enzymes called the 
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Trojan horses. When carried in by 
SCs, IFN-B inhibits the growth of 
metastatic tumors in lungs (lop rom), 
‘whereas the interferon alone has litle 
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matrix metalloproteinases (MMPs) came in 
for a lot of attention as researchers found 
that some of them could help cancer cells 
spread by breaking down the extracellular 
matrix (ECM) and other barriers that 
would otherwise hold the cells in place. 
This early work culminated in clinical tri- 
als conducted primarily in the 19905 to test 
whether MMP inhibitors could extend life 
in human patients. But the trials “were 
spectacular failures,” says Matrisian, an 
early MMP pioneer. 

Now, however, MMPs have been identi- 
fied as mediators of the communication 
between tumors and their microenviron- 
ment. Matrisian and others have found that 
MMPS are largely produced by various stro- 
mal cells rather than by the tumor cells 
themselves. The enzymes can appear early 
in tumor development and may contribute 
to tumor growth and spread in several ways. 

About years ago, for example, work by 
Douglas Hanahan’s team at UCSF impli- 
cated MMP-9 produced by macrophages in 
the so-called angiogenic switch: the activa- 
tion of the machinery that produces the 
blood vessel tumors need to grow and 
metastasize. Working with a mouse model 
of cervical cancer, the researchers found 
that macrophages in the tumors began pro- 
ducing the enzyme just at the time new 
blood vessels began to form. In addition, the 
drug zoledronic acid, a nonspecific MMP-9 
suppressor, inhibited angiogenesis and 
slowed tumor growth. Later research sug- 
gests MMP-3 inhibition results in suppres- 
sion of the pro-angiogenic protein VEGE 

The finding that MMPs 
can work early to promote 
tumor progression may 
help explain why inhib- 
itors of the enzymes 
worked so poorly in clini- 
cal trials: Therapy may 
have come too late for 
these patients who had 
advanced disease. 

The MMP situation is 
complicated, however; 
not all of the enzymes fos- 
ter cancer development 
Matrisian and her col- 
leagues have found that 
stroma-derived MMP-12 
actually protects against 
the development of 
non-small cell lung can- 
cer. And even MMP-9 can 
be protective very early in the development 
of melanoma tumors in mice, says Raghu 
Kalluri of Harvard's Beth Israel Deaconess 
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Medical Center in Boston. “We're not just 
talking about positive influences on tumor 
growth,” Kalluri says. “Some cancers can 
be held in check by the stroma.” 


More conspirators 

‘Macrophages are apparently essential for the 
angiogenic switch. As Jeffrey Pollard and his 
colleagues at Albert Einstein College of 
Medicine in New York City reported in the 
1 December 2006 issue of Cancer Research, 
the onset of the switch was greatly delayed in 
‘mouse mammary tumors that can’t accumu 
late the cells. Indeed, in more than 40% of the 
animals with such tumors, the angiogenic 
switch had not been turned on by the time they 
‘were 16 weeks old; inall of the normal mice of 
that age, the tumors had progressed to 
advanced metastatic disease. 

But macrophages and other inflamma- 
tory factors do more than just foment 
angiogenesis. They actively aid the cell 
movements that produce metastases. John 
Condeelis and his colleagues at Albert Ein- 
stein College of Medicine have devised 
methods that allow them to visualize cell 
movements in mammary tumors growing 
in live mice. Using these methods, the 
Condeelis team, working with Pollard’s 
team, observed a few years ago that mam- 
mary tumor cells migrate very quickly 
along the fibers of ECM to blood vessels. 

‘The Condeelis-Pollard team has found 
that tumor cells are called to the vessels by 
macrophages. The specific lure is epidermal 
growth factor, a protein produced by 
macrophages that can stimulate both the 
growth and the movement of cancer cells. 
More recently, the Condeelis-Pollard team 
showed that tumor cells escape into the blood 
vessels in direct association with macro- 
phages. “They follow the macrophages like 
little trained dogs,” is how Condeelis 
describes it. (The results appeared in the 
15 March 2007 issue of Cancer Research.) 

Macrophages are not alone in their abil- 
ity to stimulate metastasis, Researchers 
have recently discovered that a group of 
immunosuppressive cells called MDSCs 
can promote cancer development (Science, 
11 January, p. 154). Earlier this year, Moses 
and his colleagues found that these cells 
contribute to cancer spread. Inactivation of 
the gene for one of the receptors through 
which TGE-B exerts its effects in mouse 
mammary tumor cells resulted, they found, 
inan influx of MDSCs that ended up prima- 
rily at the invasive edges of the tumors. 

Moses and his colleagues identified 
what they consider to be a trigger for the 
influx: increased production of two 
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chemokines (SDF-1 and CXCLS) by the 
receptor-deficient mammary cancer cells. 
Drawn by the chemokines, MDSCs pro- 
mote tumor metastases by producing at 
least three MMPs that stimulate the migra- 
tion of cancer cells, presumably by digest- 
ing the extracellular matrix. 

Several research groups have identified 
still another type of cell—the mesenchymal 
stem cell (MSCs)—as a prominent compo- 
nent of the tumor microenvironment. Last 
fall, a team led by Robert Weinberg of the 
Massachusetts Institute of Technology 
(MIT) in Cambridge reported evidence that 
these cells can also promote metastasis. The 
researchers injected mice with human 
breast cancer cells labeled with green fluo- 
rescent protein either with or without 


Aiding cancer spread. Normal mice show much 
greater growth of liver metastases (eft) than mice 
lacking the enzyme MP9. 


MSCs. Mice given both cell types devel- 
‘oped many more lung metastases—up to 
seven times more—than animals injected 
with only the cancer cells. 

MSCS rev up the metastatic potential of 
the breast cancer cells by secreting the 
cytokine CCLS, which triggers a signaling 
pathway that sparks the cancer cells” migra- 
tory abilities. This change is not permanent, 
however. When the MIT team isolated can- 
cer cells from lung metastases and injected 
them into new mice, the cells formed no 
‘more lung metastases than did the original 
cells injected without MSCs. “They're edu- 
cated to be metastatic,” Weinberg says. “But 
when they're moved, they forget that educa- 
tion.” The discovery suggests that it might 
be possible to develop a therapy that blocks 
the metastatic changes. 

‘There may be another way to enlist MSCs 
in the fight against cancer. Because the cells, 
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concentrate in tumors, researchers are trying 
to turn them into Trojan horses. “Tumors 
recruit these cells from the circulation,” says 
Frank Marini of the University of Texas M.D. 

‘Anderson Cancer Center in Houston. “That 
means we do have access to the tumor” 
through MSCs. Itmay be possible to use them 
to deliver drugs or cancer-fighting cytokines 

For example, Marini, working with 
M.D. Anderson colleague Michael Andreeff, 
has genetically engineered MSCs to produce 
interferon-B. In mice carrying either 
melanoma or breast cancer tumors, the engi- 
neered cells proved much more effective at 
suppressing lung metastases and extending life 
than did simple injections of the interferon-B 
protein. Mice given the protein by itself lived 
no longer than controls, whereas those that 
received the cells lived roughly twice as long 
as the controls. Marini hopes to begin clinical 
trials of the engineered cells in a year 

Itmay even be possible to control cancer 
growth by targeting the stroma rather than 
the cancer cells themselves. Hans 
Schreiber’s team at the University of 
Chicago in [Minois has been trying to 
develop immunotherapies but, like other 
investigators in that field, has often been 
thwarted by cancer cells” propensity for los- 
ing their antigens. When that happens, they 
can escape detection by immune cells that 
have been trained to recognize them. 

About 2 year ago, Schreiber and his col- 
leagues showed that by targeting stroma 
cells, they could eradicate well-established 
‘tumors in mice even though the tumor cells 
expressed little antigen. The researchers 
first treated the tumors with local radiation 
or chemotherapy. Although this won't elim- 
inate the tumors, it apparently killed enough 
cells so that their antigens were picked up 
by the stroma. Subsequent injection of 
killer T cells finished off both the stroma 
and the tumor cells, which apparently 
succumbed to a “bystander effect.” 

Ina paper out last month in Cancer 
Research, the Chicago team reported that 
immune cells directed against the stroma 
alone halt tumor growth, although in this 
case, the tumor cells weren’t killed. “When 
you just target the stroma, tumors stay in 
long-term equilibrium—close to a year— 
without relapse,” Schreiber says, 

At this point, it's too early to tell whether 
strategies directed at the stroma will pay off 
in better cancer therapies. But evidence is 
building that it will be necessary to corral 
the entire cancer gang to truly get the cancer 
problem undercontrol.  ~JEAN MARX 


This article is Jean Marx's 610th in a 35-year career. 
Sadly, she nas decided it will be her last as a sall writer. 
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Magnetic Measurements Hint at 
Toastier Superconductivity 


‘Twenty-two years after the discovery of high- 
temperature superconductors, theorists con- 
tinue to disagree about how the complex 
materials conduct electricity without resist- 
ance at temperaturesas high as 138K. Mean- 
while, experimenters are cranking out reams 
of intriguing data. At the meeting, Jeff Sonier 
of Simon Fraser University in Burnaby, 
‘Canadia, reported evidence that superconduc~ 
tivity might persist in the materials to even 
higher temperatures—at least 200 K—albeit 
in tiny, disconnected patches. 

‘The result implies that current materials, 
‘may not have reached the ultimate limits, says 
Eduardo Fradkin, a theorist at the University 
of Hlinois, Urbana-Champaign. “In principle, 
itseems that if you knew how to do it, you 
could get an even higher temperature super- 
conductor,” he says. 

In superconductors, electrons pair and the 


pairs “condense” into a single quantum wave 
to flow without resistance. Ina conventional 
superconductor, all this happens simultane- 
ously when the material is cooled below a sin- 
gle “critical temperature.” Numerous experi- 
‘ments hint that things are more complicated in 
high-temperature superconductors. In those 
materials, electrons appear to pair at tempera- 
tures above the superconducting transition. 
‘The pairs then condense at the critical temper- 
ature, or so some theorists argue. 

Sonier and colleagues are suggesting an 
even more tantalizing alternative. Their data 
indicate that at very high temperatures, the 
pairs do condense but into disconnected 
nanometer-sized puddles of superconductivity. 
Presumably, the puddles proliferate as the 
temperature decreases, and the free flow of 
current sets in when they overlap. 

Evidence for such patchiness comes from 
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Patchwork. islands of supercond.uctivity (red, fet) 
may grow and merge as temperature drops. 


‘measurements of the magnetic fields within 
the materials. Sonier and colleagues fired 
subatomic particles called antimuons into 
samples of two different high-temperature 
superconductors—lanthanum strontium cop- 
per oxide and yttrium barium copper oxide— 
‘while they applied strong external magnetic 
field. An antimuon acts like a litle gyroscope 
whose axis sweeps around until the particle 
decays into a positron, which shoots out of the 
‘material in the direction the antimuon was 
pointing. How far the muon turns depends on 
the strength of the magnetic field at its posi- 
tion, By measuring the decay of many muons, 
the researchers found thatthe field varied dra- 
matically within the materials, even at the 
highest temperatures they could measure, 
Tiny patches of supereonductivity 
could produce just such variations because 
they would expel the magnetic field, shov- 
ing it into the surrounding areas. The 
researchers performed checks to rule out 
other possibilities. For example, they 
“doped” the materials with more oxygen 
atoms to add electrical charges and found 
that the variations remained. That indi- 
cates that the effect is not produced by the 
magnetism of copper nuclei, which the 
mobile charges would obscure. 
‘Butalthough the patches may react unusu- 
ally to the magnetic field, Sonier and col- 
Jeagues have no direct proof that they contain 
‘coherent quantum waves, notes Ali Yazdani, 
an experimenter at Princeton University. “T 
‘would be a little bit cautious about claiming” 
that, he says. Still, last year, Yazdani used 
a device called a scanning tunneling 


Laser Plays Chemical Matchmaker 


‘Typically, a molecule can break into several different combinations of frag 
ments. In the past decade, physicists and chemists have exploited ultrashort 
pulses of laser light and the quirks of quantum mechanics to force molecules to 
split one way and not another. More recently, such “quantum control” schemes 
have also been used to manipulate the shapes of molecules, Now, Gustav 
Gerber, a physicist atthe University of Wireburg, Germany, reports that he and 
colleagues have extended quantum contralto the synthesis oF molecules, too. 

“think it’s fairto say that he’s opened up a new direction,” says Herschel 
Rabitz, a chemist at Princeton University. But others question whether 
Gerber has truly manipulated the forming of chemical bonds. 

‘Quantum control exploits the fact that, even when a molecule splits into 
specific fragments or tists into a particular shape, there's more than one way 
‘to get from the beginning of the process tothe end. That's because the bonds 
between atoms in the molecule may break or stretch in different sequences to 


arrive a the same result In quantum theory, each sequence is described by an 
“amplitude,” and like waves, amplitudes can reinforce or cancel one another. 

In fact, researchers can use a femtosecond-long pulse of laser light to 
make the amplitudes leading to the desired combination of fragments or 
shapes bolster one another and those for other outcomes add to naught. The 
trickis to apply an automated feedback system that tracks the molecules pro~ 
duced by each light pulse and then adjusts subsequent pulses’ properties to 
‘optimize the results, a Rabitz and a colleague proposed in 1992, 

In 1998, Gerber and colleagues used the scheme to guide the cleaving of 
‘an organometallic molecule in a gas. Others have used quantum control in 
liquids to select one of several different molecular shapes, of “isomers.” 

Now Gerber says his team has controlled the formation of chemical bonds 
as well. The researchers exposed a palladium surface to molecular hydrogen 
(H,) and carbon monoxide (CO) and zapped the surface with femtosecond 
pulses of laser light. That produced ions such as CH*, OH, HCO*, and H,CO*. 
When the researchers turned on the feedback, they found that they could 
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‘microscope to measure the pairing in barium 
strontium calcium copper oxide and found 
that it persisted in patches above the supercon 
ducting transition. That result jibes with 
Sonier’s data, and Yazdani says, “It's nice to 
see things hanging together. 


Squeeze Play Makes 


Solid Helium Flow 


Can ultracold, highly pressurized solid 
helium flow like the thinnest possible liq- 
uid? For 4 years, physicists have debated 
that question. Now, preliminary data from 
Robert Hallock of the University of Mass- 
achusetts (UMass), Amberst, and his team 
provide the most direct evidence yet for 
such flow. 

“Its a very, very clever experiment.” says 
‘Moses Chan of Pennsylvania State University 
in State College. Butall agree it hasn't solved 
the mystery of solid helium. 

In 2004, Chan and Eunseong Kim, now of 
the Korea Advanced Institute of Science and 
Technology in Daejeon, South Korea, 
reported that crystalline helium appeared 
to flow through itself without resistance 
(Science, 1 July 2005, p. 38). They set a small 
‘can filled with solid helium twisting back and 
forth atop a thin metal shaft. At temperatures 
near absolute 2ero—below about 0.2 K—the 
frequency of twisting increased, suggesting 
that some helium had let go of the can and was 
standing stock-still while the rest moved back 
and forth. That implied that the helium was 
flowing through itself 

Others questioned Chan and Kim's inter- 
pretation of a flowing perfect crystal. Two 
years ago, John Reppy and Ann Sophie 
Rittner of Cornell University found that the 
effect went away if they gently heated and 


increase the ratio of CH* to C* bya factor of 10 or boost the ratio of CH* to H,O* 
by nearly as much. That shows that the laser pulses control the bonding of oxy 
‘gen to hydrogen and carbon to hydrogen, Gerber says. 
ing effect may have a simpler, ess promising explanation, 
says Robert Levis, a physicist at Temple University in Philadelphia, Pennsyl- 
vania, Palladium makes an excellent catalyst, he notes, so the hydrogen and 
‘carbon monoxide may spontaneously form all sorts of compounds on the 
surface. “The alternative explanation is that there is this whole gemisch [of 
molecules} on the surface and that you're just selectively liberating them” by 
heating the surface with the laser pulse, Levis says. 

Gerber counters that the laser must be doing something more, as the 
ability to ater the ratios goes away when he uses light with half the wave- 


But the 


cooled their solid helium to eliminate fault- 
like defects in the crystal (Science, 
24 March 2006, p. 1693). That suggested 
that the flow involved the seeping of more 
conventional “superfluid” liquid helium 
along the defects 

‘A few months later, Sébastien Balibar of 
the Ecole Normale Supérieure in Paris 
showed that crystalline helium could flow 
under the pull of gravity but only if it con- 


Liquid helium ceservois 
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Cooler 


‘Throughput. Physicists forced superfluid liquid 
helium through a solié squeezed too tightly to melt. 


tained imperfections called grain bound- 
aries (Science, 4 August 2006, p. 603). 

Balibar, however, studied solid helium held 
at its melting point and immersed in liquid. 
‘Under those conditions, the solid could con- 
tain macroscopic holes like those in Swiss 
cheese—and, other scientists noted, the flow 
could be produced not by atoms creeping 
through the solid but simply by liquid sluic- 
ing through the holes. Last November, 
Balibar reported in Physical Review Letters 


femtosecond 
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length, which would also heat the surface. Rabitz says that although i's nat, 


‘lear precisely what's happening on the surface, the feedback appears to be 
‘working. “He's seeing a real controlled effect,” Rabitz says. “What the mech- 


anism is, that's an open question.” 
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that he had spotted such pipelike channels 
where grain boundaries meet the walls of the 
container holding the helium. 

Hallock and colleagues devised a clever 
‘way toavoid thatendrun, They confined their 
solid helium in a cylindrical chamber. Two 
posts of glass riddled with nanometer-sized 
‘Pores jutted into the chamber and connected it 
to reservoirs of superfluid liquid helium. The 
helium in the pores could only solidify at a 
‘much higher pressure than the helium in the 
‘chamber. So the arrangement enabled the 
team to inject superfluid liquid into a solid 
squeezed too tightly to melt. 

‘The physicists applied a pressure differ- 
cence between the two reservoirs of liquid and 
‘saw it decrease steadily over time, That shows 
that helium atoms flow through the chamber, 
says Nikolay Prokof’ev, a theorist at UMass 
‘who presented the data for Hallock. The atoms 
‘must move through the solid helium, he says, 
because “it's so far away from melting that 
Jiquid channels cannot survive” 

Balibar is not so sure. Such channels 
remain open at pressures up to 35 times 
atmospheric pressure—far above the 
25 atmospheres needed to solidify helium— 
says Balibar, who was not at the meeting but 
hhas seen the UMass data. However, Chan 
notes that one feature of the new experiment 
suggests that the flow isn't through large chan- 
nels: The signal goes away when experi- 
‘menters raise the temperature to 0.4 K. Higher 
‘temperatures ought to widen macroscopic 
channels; they should also eliminate super- 
fluid flow along defects. 

‘Oddly, although most physicists agree that 
the flow involves defects in the crystal, the 
new experiment shows flow only when the 
helium is solidified in a way that should 
reduce the number of imperfections. That puts 
another twist in the already convoluted tale of 
solid helium. ~ADRIAN CHO 
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Puzzling Over a Steller Whodunit 


What plunged the North Pacific's Steller sea lions into a catastrophic decline, and why 
are numbers still low? After $190 million worth of research, scientists aren't sure 


Every other summer formore than a decade, 
biologists have boarded a twin-engine plane 
in Anchorage, Alaska, to skim above the 
rocky rookeries and haul-outs of one of the 
state's most endangered marine mammals: 
the massive Steller sea lion (Ewmetopias 
_jubatus). From the air, the team photographs 
‘mothers and pups to tally their populations, 
which took a horrific plunge some 30 years 
ago. The researchers hope to fathom an 
enduring mystery about these jeep-sized 
marine mammals: Why did their numbers 
phummet in the first place, and why is a pop- 
ulation in southeastern Alaska recovering 
while numbers west of Prince William 
‘Sound stay very low? Most importantly to 
the state, which manages a billion-dollar 
fishery in these icy waters: Is the fishing 
industry to blame? 

Now, after 16 years and $190 million 
worth of studies (not to mention several law- 
suits, charges of animal cruelty, and intense 
political attention), a team of scientists at the 
‘National Marine Fisheries Service (NMFS) 
in Seattle, Washington, has summarized var- 
ious researchers’ findings in the Final 
Revised Steller Sea Lion Recovery Plan. The 
325-page document, released last month, 
updates a 1992 plan and will help guide 
NMEFS's management of the sea lions. 

‘Yet the 17-member team (which included 


fishing industry representatives and environ- 
‘mentalists as well as scientists) was unable to 
solve the key mysteries behind the species’ 
troubles, despite the generous pot of federal 
funds. Some scientists on the team say that 
the “consensus” document was anything but, 
with various factions arguing that the docu- 
ment doesn’t go far enough in fingering the 
fishery and others complaining that alterna- 
tive ideas were given too short shrift. 

Still, the NMES scientists involved say 
the document achieves what is needed to 
secure the future of the Steller sea lions, 
identifying a trio of most probable causes 
for the animals’ ongoing problems. The 
chief suspects: competition with the fish- 
ery, which expanded by an order of magni- 
tude at the time of the decline; environmen- 
tal changes; and perhaps predation by killer 
whales. The Plan suggests possibly remov- 
ing the eastern population (which is 
increasing at a healthy 3% a year) from the 
Endangered Species List but advises 
retaining the western population on the list 
at least until 2030. “The Plan defines 
recovery for a species thought to compete 
with a major fishery, which is a big deal in 
Alaska,” says Douglas DeMaster, director 
of NMFS's Alaska Fisheries Science Cen- 
ter. “Some people have wanted to pin the 
sea lions’ problems entirely on the fishery, 


(On the edge. Scientists aren't sure why Steller sea 
lions in the western Pacific are still struggling, 


but the data [to do this] aren't as clear as 
some might expect.” 


Plummeting populations 

Steller sea lions, named for naturalist Georg, 
Steller, who described them in 1741, num- 
bered close to 250,000 in the North Pacific 
until the 1960s. Over the next 2 decades, 
their population declined by a staggering 
80%. In 1990, they were declared threatened 
and placed on the federal endangered 
species list. Seven years later, the struggling 
‘western population, once the largest in the 
world, was declared endangered. It now 
numbers about 45,000, up from a nadir of 
33,000. “But the birth rate is lower than 
expected” says DeMaster, “and our model 
predicts this population will begin to 
decline again.” Curiously, the eastern pop- 
ulation regained ground quickly, increas- 
ing by 225% over the last 25 years and 
establishing four new rookeries. Scientists 
remain as baffled by the discrepancy 
between the populations, which inhabit 
similar, heavily fished areas, as they are by 
the initial catastrophic plunge. 

In 1992, researchers set out to test poten- 
tial causes for the decline. They soon discov- 
ered that other marine species, including 
seals, sea otters, and diving sea ducks, had 
suffered similar precipitous drops. But, as 
with the sea lions, there was no single smok- 
ing gun. Some hypothesize that climate- 
driven changes in currents and ice cover 
altered the behavior, composition, or mutri- 
tional quality of the sea lions” prey. But oth- 
ers note that the sea lions, which have lived 
in the region for millions of years, must have 
‘weathered similar changes in the past and 
that proving such a broad-brush idea is 
unlikely. Other researchers have targeted 
killer whales, arguing that the orcas upped 
their take of Stellers after whale calves 
became scarce due to whaling, although evi- 
dence for this is controversial 

Humans are prime suspects too. “When a 
large, long-lived mammal [more than 
15 years] declines that rapidly, you have to 
consider anthropogenic factors,” says 
DeMaster. The team first thought that inten- 
tional shooting along with entanglement in 
fishing nets most likely triggered the initial 
decline. Before 1972, some 45,000 Stellers 
were killed in Alaska in legal harvests and 
predator-control programs. Until 1990, fish- 
ers were allowed to shoot interfering sea 
lions. But despite concerted efforts, “we 
couldn't confirm how many bullets flew,” 
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says Shannon Atkinson of the University of 
‘Alaska, Fairbanks, lead author on a study 
trying to document these numbers in the 
April issue of Mammal Review. 

Nor do scientists know how many sea 
lions ended up as by-catch or died entan- 
gled in fishing nets. Nevertheless, when 
the shooting stopped and netting practices 
changed, the eastern Steller sea lions 
recovered. But those in the west kept 
declining until 2000, when they eked out a 
slight increase. 


A problem of proof 
Just before the sea lions” population plunge, 
another dramatic change occurred in their 
environment: NMES upped the annual lim- 
its on the catch of groundfish—pollock, 
Pacific cod, and Atka mackerel—in the 
Bering Sea from 175,000 metric tons in 
1964 to more than 1.5 million metric tons by 
1972, That exponential increase turned the 
region into the world’s largest commercial 
fishery; it annually trawls more than 1.4 mil- 
lion metric tons from the ocean, in a catch 
‘worth more than $1 billion. This year’s catch 
‘was reduced to I million metric tons because 
surveys found fewer maturing fish (Science, 
21 December 2007, p. 1853). 

Groundfish are Steller sea lions’ primary 
prey. Researchers hypothesize that dwindling 
groundfish mumbers—and perhaps sizes, as 
commercial operations take adult fish— 
‘mean that pregnant and nursing female sea 
lions are simply not getting enough to eat and 
so have fewer surviving pups 

“What is the impact on hunters like 
Steller sea lions and northern fur seals of 
removing 60% of their prey?” asks Timothy 
Ragen, a marine mammalogist and execu- 
tive director of the Marine Mammal Com- 
‘mission in Bethesda, Maryland. “That's the 
hard and fundamental question, which still 
hhasn’t been fully addressed. ... It’s a prob- 
let of proof.” 

“That's true,” agrees NMFS marine 
mammalogist Lowell Fritz. “But the Plan 
says fishing is a ‘potentially high threat” to 
recovery, which is of course controversial” 

Indeed, the possible competition between 
sea lions and commercial fishers has been 
controversial for years. In 1998, environ- 
‘mental groups led by Greenpeace alleged in 
a lawsuit that NMFS had violated the 
Endangered Species Actby not assessing the 
groundfish fishery’s effects on the sea lions. 
‘The judge hearing the case blocked trawlers 
from fishing in critical Steller sea lion habi- 
tat in the summer of 2000. 

‘That's when Alaska’s powerful Republi- 
can senator, Ted Stevens, stepped in. Then 


chair of the Senate Appropriations Commit- 
tee, Stevens held up the entire federal budget 
for a week in December 2000 until he bro- 
ered a deal: The fishery would continue as 
Jong as fishers kept away from areas close to 
sea lion rookeries and haul-outs. Stevens 
argued that scientists had unfairly targeted 
the fishing industry when there were other 
possible causes for the sea lions’ decline. In 
what some saw as a delaying tactic, he 
‘turned on the money tap, prodding Congress. 
toapprove the Steller Sea Lion Research Ini- 
tiative. Congress gave scientists 13 topics to 
study, only one of which was the impact of 
the commercial fishery, and pumped in 
more than $40 million in the first year. Since 
then, another $150 million has poured in and 
more millions are promised. 

‘Some researchers contend that the flood 
‘of money and the requirement to spend it 
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quickly on specific topics have watered 
down the research. DeMaster counters that 
“we've leamed a lot about Steller sea lions’ 
vital rates and food habits.” Buthe concedes 
that they don’t know why the western popu- 
lation has not recovered. “The key is their 
reproductive rate, which is lowerand declin- 
ing. And it’s why we are concerned about the 
possible competition -.. with the fisheries.” 
Still, DeMaster and others note that sci- 
centists have yet to prove a one-to-one rela- 
tionship between the western population’s 
fertility troubles and a presumed lack of 
prey. One reason: The scientists are not 
allowed to handle adult females, the result of 
‘a successful 2005 Humane Society lawsuit. 
“We don’t have any data on the reproductive 
health of the females” in parts of the western 
region, says DeMaster. The Humane Society 
and Marine Mammal Commission have reg- 
ularly questioned the NMFS scientists’ prac- 
tices of sedating and hot-branding pups in 
‘order to identify them. When NMFS failed 
to write a required Environmental Impact 
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‘Statement, the Humane Society pounced. Its 
lawsuit halted several research programs on 
females, “It's tragic that we haven't been 
allowed to do this and don’t have these data,” 
says DeMaster. “It has not helped the recov- 
ery of Steller sea lions.” 

In 2009, NMFS will be allowed to reap- 
ply fora research permit to put transmitter 
tags on adult females in the western popula- 
tion to find out where they are foraging and 
to collect blood and tissue samples from 
them. Those data may at last reveal whether 
the females are not getting enough toeat and 
so test the link between fishing and the 
Stellers’ troubles. 

Another way to investigate such a link is to 
compare sea lion health in fished and 
unfished areas. One $200,000 study found 
that the Stellers’ population had declined 
fastest in the most heavily fished areas, 
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although a more recent, smaller study found 
no such link. Still, many researchers such as 
Robert Small of the Alaska Department of 
Fish and Game, chair of the Plan’s recovery 
team, suggest that experimentally closing cer- 
tain areas to fishing is the best way to find out 
ifthe industry is indeed hurting the sea lions. 
‘The Plan calls for such an experiment, but, 
says DeMaster, “it would be logistically very 
tough, and unpopular” with fishers. 

Even without such data, next month 
NMFS will issue a draft Biological Opinion 
(BiOp) on the sea tions. “This is where the 
rubber meets the road,” says Fritz. “The BiOp 
has to decide whether fishing, as currently 
allowed is adversely affecting the recovery of 
the sea lions.” Small adds that “because we 
don’t understand the cause of the severe 
decline, or the prolonged decline that 
followed, we can’t say that it won't happen 
again. ... So we have to find ways to assure 
that the population at least stabilizes.” For 
Steller sea lions, even that would be 
good news. VIRGINIA MORELL 
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Conserving Top Predators in Ecosystems 


a 


THE NEWS FOCUS STORY “WOLVES ATTHE DOOR OF A MORE 
dangerous world” (V. Morell, 15 February, p. 890) discusses 
whether the proposed delisting target for the Northern 
Rockies wolf population will ensure its long-term demo- 
graphic and genetic viability. We would like to add that via- 
bility should not be the sole objective of a species- 
conservation plan. Another objective—often overlooked — 
should be torestore and maintain the ecological functionality 
of the species in its ecosystem. 

Recent results from long-term research [including some 
following the wolf reintroduction in Yellowstone (/)] have 
shown that top predators can play some unexpected but nev- 
ertheless crucial roles in ecosystems. For example, by check- 


‘Some component of phenotypic change is 
undoubtedly genetic and caused by fishing. 
‘The challenge remains to determine how 
important this isrelative to other environmen- 
tal and trophic drivers. A truly precautionary 
approach to fisheries management must 
allow for FIE in the longer term. However, 
EvoIA should be one of several tools used to 
address the many pressing problems facing 
fisheries managers. 
HOWARD |. BROWMAN,? RICHARD LAW? 
C.TARA MARSHAL 
Smustevol Research Station, institute of Marine Research, 
Storebe 5392, Noneay. “Departmen of clay, University 
of Yat, Yor O10 51, UK. Schoo alga Scenees, 
Lnivesty of Aberdeen, aberdeen A824 212, UK. 


ing the densities of abundant generalist mesopredators, they References 
can indirectly support species at lower trophic levels (2), and > CT Marshal H.|- Bowman. fr Fea. Prog. Ser. 335, 


by preventing irruptions of ungulate populations, they can help restore vegetation (3). Top 
predators can also buffer some effects of climate change (4), drive senescence of prey (5), and 
frame river channel dynamics (6). 

Conservation plans for predators should take this broader view of ecological roles into 
account instead of focusing solely on a species’ viability by numbers. 
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IN A RECENT POLICY FORUM, “MANAGING 
evolving fish stocks” (23 November 2007, 
p. 1247), C. Jorgensen et al. propose that 
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evolutionary impact assessment should be 
adopted as a tool to manage evolving fish 
stocks. This is a well-motivated idea in princi- 
ple, but their reasoning relies entirely on the 
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The Role of Fisheries- 


Induced Evolution 


IN THEIR POLICY FORUM ("MANAGING EVOLV- 
ing fish stocks,” 23 November 2007, p. 1247), 
C. Jorgensen et al. propose evolutionary 
impact assessments (EvoIAs) asa general too! 
for managing evolving resources. The basis 
for their proposal is that fisheries-induced 
evolution (FTE) is the most important driver of 
changes in life-history characteristics of 
heavily exploited marine fishes. Although 
Jorgensen et al. give the inipression that this is 
well established, the evidence supporting FIE 
unfortunately remains circumstantial and is 


often open to alternative interpretations (1). 
“To make the case for EvolAs, Jorgensen et 
al. present a selective set of studies—those 
concluding that FIE was a likely cause of the 
observed changes, after considering some 
environmental effects (see their table S2). In 
doing this, they excluded results that do not 
support their case [e.g..(2, 3)]. Furthermore, 
because FIE is often a matter of interpretation 
[eg. (3. A)]and the authors of the Policy Forum 
are strong advocates of FIE, the majority of the 
studies on life-history traits included in table S2 
‘were their own. Their analysis does not repre- 
sent a consensus opinion developed from crit- 
ical scrutiny of the studies currently available. 


‘assumptions that fisheries-induced evolution 
(FIE) occurs commonly and that itis an undis- 
putable fact. Neither of these assumptions is 
true. None of the studies of exploited fish 
populations in their article have provided 
genetic evidence for the observed phenotypic 
changes. Because evolution is by definition a 
change in the genetic constitution of a popula- 
tion, an evolutionary change cannot be postu- 
lated without demonstrating a genetic basis 
for the observed phenotypic shift. In fact, phe- 
notypic changes in mean trait values due to 
simple environmental inductions are common 
(2), a8 are cases where populations are not 
evolving despite strong directional selection 
acting on heritable traits (2). Furthermore, 
several studies have shown that observed 
phenotypic shifts in exploited fish popula- 
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tions are fully consistent with simple environ- 
mentally induced changes (3, 4) 

We are inclined to believe that some of the 
ccase studies listed in the Jorgensen et al. Policy 
Forummight indeed tum outto be cases of FIE 
if genetic data were to become available. 
However, until that proof is provided, the 
claims about FIE are nothing but “adaptive 
storytelling” (5). As pointed out by S. J. Gould 
and R. C. Lewontin three decades ago (5), 
‘unwillingness to consider alternatives to adap- 
tive stories, reliance on plausibility as a crite- 
rion for accepting speculative tales, and failure 
to consider adequately competing themes are 
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characteristics of an “adaptationist program” 

that seems to have become revitalized in the 

context of fisheries-induced “evolution.” 
ANNA KUPARINEN AND JUHA MERILA 


Depariment of Biological ané Environmental Sciences, 
Universiy of Helsinki Helsinki F-00014, Finland. 
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Response 
WETHANK BROWMAN ETAL. AND KUPARINEN 
and Merili for their reponses to our Policy 
Forum on fisheries-induced evolution (FIE) 
(“Managing evolving fish stocks.” 23 No- 
vember 2007, p. 1247) 

We disagree with Browman et al’s inter- 
pretation of our article and with their view of 
the state of research in this field. FE warrants 
attention because it is one of the drivers of 
change in exploited fish populations. We 
do not claim that “FIE is the most important 
driver” of changes in fish life histories, and 


‘our argument in no way depends on this being 
the case. Ecology, evolution, and economics 
are linked through feedbacks and jointly 
determine the future of fisheries on time 
scales relevant for management. FIE is one of 
several threats to the long-term viability of 
fish stocks, but the potentially slow reversibil- 
ity of FIE necessitates extra precaution. 
‘The evolutionary impact assessment (EvoIA) 
framework we proposed recognizes the 
need to address complementary perspectives 
simultaneously and is one of several tools 
required to achieve sustainable fisheries. 

‘We and others (J) think that after environ- 
mental factors are accounted for, FIE is the 
‘most probable and parsimonious explanation 
of the remaining phenotypic changes docu- 
mented for many stocks, species, Fisheries, 
and regions. Our table S? illustrates the wide 
taxonomic and geographic occurrence of FIE. 
Of the studies inchaded, 19 (out of 34) had no 
involvement from our large group of co- 
authors. We explicitly listed positive findings, 
as they are sufficiently numerous that ignor- 
ing FTE can no longer be justified. 

‘While we agree with Kuparinen and Merit 
that direct genetic evidence for FIE in the wild 
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ishighly desirable and practically nonexistent, 
‘we must take issue with their claim that “an 
evolutionary change cannot be postulated 
‘without demonstrating a genetic basis for the 
observed phenotypic shift” This claim ques- 
tions the fundamental assumption that scien- 
tists can make inferences about genotypes by 
studying phenotypes. Its worth remembering 
that Darwin formulated his theory of evolution 
‘witha similar assumption—that traits are heri- 
table—nearly a century before DNA was 
found tocarry hereditary information. Without 
such assumptions, evolutionary ecology could 
not operate. Moreover, Kuparinen and Meriti 
‘now seem to contradict their recent conclusion 
that “[t]heory, phenotypic observations and 
‘modelling studies all suggest that fisheries are 
capable of inducing evolutionary changes in 
life histories in harvested populations” 

Like Kuparinen and Merilé, we look for- 
‘ward to the day when direct genetic evidence 
can decisively determine the extent of FIE. At 
a practical level, however, traits affected by 
FTE are likely polygenic and involve unex- 
plored genotype-to-phenotype relations. Even 
‘where changing allele frequencies are found, 
itmight take a long time before such changes 


are robustly linked to phenotypic effects 

FIE is not a universal explanation for phe- 
notypic changes in harvested fish popula- 
tions. The importance of FIE relative to other 
processes that induce phenotypic change will 
need to be evaluated case by case. One must 
expect, as Kuparinen and Merila suggest, that 
sometimes “observed phenotypic shifts in 
exploited fish populations are fully consistent 
with simple environmentally induced changes” 
For this reason, researchers of FIE have made 
considerable efforts to account for environ- 
mental effects and phenotypic plastici 
before ascribing residual trends to FIE [e. 
(3) Of the two stadies Kuparinen and Merila 
highlighted, one kept open the possibility of 
FIE (4), while the other even concluded that 
FIE played a role (5). 

Kuparinen and Merili also refer to a 
famous argument from the 1970s (6) that did 
not stand up to scrutiny (7) and had few impli- 
cations for mainstream evolutionary biology. 
Furthermore, Kuparinen and Merili overlook 
the many, mutually complementary sources of 
evidence for FIE: expectations from life- 
history theory and quantitative evolutionary 
models of exploited fish; statistical analyses 
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of scientific-survey and fisheries time series 
that consider phenotypic plasticity; compara- 
tive studies of populations experiencing di 
ferent fishing pressures; demonstrations of 
FIE in laboratory experiments; and successful 
engineering of life-history traits in breeding 
programs. Together, this is much more than 
“adaptive storytelling.” 
‘CHRISTIAN JORGENSEN, }* KATIA ENBERG,"® 
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DAVID S. BOUKAL,** KEITH BRANDER,* 
BRUNO ERNANDE,*’ ANNA GAROMARK,* 
FIONA JOHNSTON, ”* SHUICH! MATSUMURA,’ 
HEIDI PARDOE,*2° KRISTINA RAAB," ALEXANDRA 
SILVA,” ANSSI VAINIKKA,” ULF DIECKMANN?” 
‘MIKKO HEINO,2* ADRIAAN D. RIJNSDORP! 
Department of Biology, University of Bergen, N-5020 
Bergen, Normay.Znsitute of Marine Research, Bergen, 
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Tips for NIH 


THERE ARE TWO USEFUL THINGS THE NIH 
could do to disseminate science infor- 
mation, First, NIH could ensure that every 
NIH-funded study had to produce some 
public report. This would provide an outlet 
for results that had not been published 
through conventional channels within a 
reasonable time. Second, NIH could make 


publicly available the raw data of all funded 
studies, within a reasonable time after the 
end of funding, and with all appropriate 
documentation and protection of confiden- 
tiality. Instead, the NIH chooses to require 
collection and redundant dissemination of 
already-published articles and to provoke 
copyright battles between scientists and 
journals, such as those discussed in J 
Kaiser's News of the Week story, “Uncle 
Sam's biomedical archive wants your 
papers” (18 January, p. 266). Future his- 
torians of science may wonder what we 
were thinking. 
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CORRECTIONS AND CLARIFICATIONS 


Random Samples: “Genes ane humor” (21 March, p 
5. The tem cantusee the data and condusons of twa 
‘sues. The 2008 Twin Research and Human Genetics stucy 
of U.K. twins inyelved clase to 2000 tn pits, not 456 2s, 
teparted. The 2008 Persorality and incivicual Offerences 
S.twin pais. in adcition, the UK 
study showed substantial heriability fr negative as well as, 
positive humer styles, while genetic effec for negative 
hhumer inthe U.S. sample wee not significant 


suey covered 456 


Table of Contents: (14 Narch, p. 1445). n the description of 
the Report ‘mylia eis ofthe HET-s218-289) pion farm 
3 Bsolenoidwih triangular hyerophobic core” by C. Wasrer 
al, “yeast prion” should have been “fungal pion” 


News of the Week: “£300 million in private money for 
‘ewe investigators” by |. Kaiser (14 March, p. 1469). The 
statement that the new HHA awards for early cateet 5 
emtsts are “twice the size of an NIM ROA grant” could be 
risimerpreted. The research portion ofthe HHMI award 
fises over 6 years from $150,000 per year to $300,000, 
per year, whichis roughly equa fo the average NIH ROL 
grant. The remainder Is fot salary, benefits, and funds 
pale tothe host institution to cover occupancy costs far 
he scientists space 


News of the Week: “Physics wins open lilines sea” by 
Kintsch (14 tach, p. 1470) The aride incorrectly described 
the poston ofthe previousholder ofthe seat, Represertative 
Dennis Hastert (RU. It was Speaker ofthe House 


News Focus: “Dueling visions for a hungry worls” by 
E Stokstad (14 March, p. 1474). Emile Fr'son’s institu 
tion is named Biovesity international, net Bioeiversity 
iterational 


Editors’ Choice: “Pid 
6) 


© ever N" (29 February, p 
oT for the referenced paper should have Deen 
30.1021a7 1349. The complete citation forthe paper 
ST. Ohshima, ¥. imasaki, ¥. Maegawa, A. Yoshiyama, 
. Masia, J. Am. Chem. Soe. 130, 2944 (2008). 


Random Samples: “Mastodon on the block” (1 February, 
p.550. The are state that all male mastocons had fur 
uss. fac, in some adult male mastodons there sna evi 
ence of lower tsk. 
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SOCIOLOGY 


Confronting Violence Face to Face 


D. Latin 


flourished since the mid-1980s, when 

the Harry Frank Guggenheim Foun- 
dation (HGF)—whose basic missionhas been 
the study of dominance, aggression, and vio- 
Ience—changed its strategy. Turning from 
support for biology (in the search for the 
chemical sources of violence), where the retums 
to investment were disappointing, the foun- 
dation funded work investigating the social 
bases of violence. 

In Fiolence, Randall Collins makes an 
important contribution to this literature, but 
not by extending theories associated with the 
HGF initiative. These theories built on 
field work observations and statistical 
analysis of data, seeking to under- 
stand the Sources of variation in the 
production of violence—for example, 
ifferentiating cases of civil wars with 
both high and low levels of violence (J, 2) 
Ignoring that work, Collins (a sociolo- 
gist at the University of Pennsylvania) 
extends 2 microsociological research 
program only indirectly con- 
cemed with violence into a new 
substantive realm. 

“Microsociology focuses not on grand 
causal factors such as societal mod- 
erization but rather on the every- 
day methods ordinary folk use to 
get through daily interactions smoothly 
(and, by so doing, to produce social 
order). Collins builds on the work 
of Erving Goffman, the brilliant 
founder of interactional sociology, 
‘who cataloged the tacties for suc- 
cessfully escaping humiliation 
during the uncountable inci- 
dents that people weather in their daily 
lives (3). Goffman and his successors 
have not previously focused on expla- 
nations of violence (4), so Collins's 
application of microsociological techniques 
to examine violence provides a fresh outlook 
on violence in everyday life. 

Collins's starting point is the observation 
that humans are not good at conflictual inter- 
actions at a face-to-face level. From readings 
in psychology and empirical accounts of 
violent interactions, he infers that humans 


S cial science research on violence has 
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encounter a barrier of confrontational tension 
{in conflict situations and that for violence to 
‘erupt, those who are not psychically inured 
from confrontational fear must find a pathway 
around that barrier. The pathways include 
attacking a physically or emotionally weak 
victim, performing in front of an audience that 
provides emotional support, and belonging 
to a violence-enforcing 
‘organization (a product of | 
civilization) that makes 
its members pay heavy 
costs for refusing to sur- 
‘mount conffontational bar- 
riers. Even though sophis- 


Violence 


ticated armies have a difficult time inducing 
soldiers to kill, Collins provides evidence that 
as violence-enforcing organizations, they are 
‘best at overcoming confrontational fear. 

Most everyday violence is episodic and 
rarely sustained. A common form is typified 
by episodes of “forward panic.” in which the 
weak are mercilessly attacked. Here, tension 
«and fear drive people into a breakdown of con- 
straint. Collins takes readers through a dan- 
gerous police chase to exemplify this pathway, 


2 


ea 


and we see how the supercharged pursuers, 
once they have their victim, release their ten- 
sion in paroxysm of gratuitous violence, 
Collins’s examples of everyday violence 
abound. In contradiction to the representa- 
tions in the movies, we see that real instantia- 
tions of human violence are short, usually 
ineffective, and rare. Even serial killers spend 
nearly all their time in a nonviolent state. 
Collins infers from an accumulation of 
vignettes that humans are hard wired to abjure 
combat. This inference ignores the rational 
foundations of intraspecies nonviolence as 
theorized by biologists such as John Maynard 
‘Smith andRichard Dawkins(5, 6). 
Nonviolence for them is leamed 
behavior that sustains an evoh- 
tiomzarily stable equilibrium. Their 
rational models seem far more 
compelling than an ad hoc as- 
sumption about human wiring, 
Nonetheless, the payoff from 
microsociology is high, as its 
adherents highlight the obvious, 
that which is often missed in highly 
abstracted sociological theories. Collins 
observes inter alia that today, due to 
lack of audience support, American 
sports fans (unlike Europeans) don’t 
provoke violence through hurling 
racial epithets at a rival team’s 
black players; that suicide mis- 
sions attract a distinct personality 
type (those who fear interpersonal 
confrontations) in contrast with com- 
‘bat missions; and that fair fights 
are fought in view of audiences, 
whereas unfair fights typically avoid 
public viewing, 
In more direct support of his theory, 
photos of gang scenes reveal most 
gang members buddled on the 
periphery, too scared to punch or be 
punched. Soccer hooligans are in truth far 
‘more bluff and bluster than predators running 
amok. When violence does erupt, people in 
these situations are embarrassingly incompe- 
tent at combat and are more likely to run 
from the scene than to pursue their fight. 
Although these observations are insight- 
ful, sticking to one’s microsociological guns 
has its costs. Take Collins's stunning obser- 
vations of tension and fear “entraining” 
pursuers into “tunnels” that leave them 
no escape from unmitigated violence. 
Examples from English troops at the battle 
of Agincourt, the Kent State killings amid 
the Vietnam protests, and the Los Angeles 
police in the capture of Rodney King are 
vivid. But suspicions are raised. What are 
the coding rules for the presence of this 
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panic? (In the Kent State case, the high ratio 
of shots fired to casualties leads Collins to 
infer that the National Guard was in such a 
panic, but this rule is hard to generalize, as 
‘you would need to control for the difficulty 
of hitting the target.) If we examined a large 
number of militia assaults, would the level 
of gratuitous violence be greater where for- 
‘ward panic was present? Controlling for the 
symmetry of force levels, how much more 
violence can we expect if the perpetrators of 
the violence suffer from forward panic? Are 
panics observationally distinguishable from 
the appearances of frenzy that Caesar 
sought, in the battles against Pompey, to 
instill in his troops to signal commitment? 
And ifcapture of the enemy after high levels 
of tension and fear can lead to “post-vietory 
letdown,” the theory can explain both 
heightened violence and quiescent relax- 
ation. With both high and low levels of vio- 
lence predicted by theory, it cannot be dis- 
confirmed. Although he piles up example 
after example—and despite incessant repeti- 
tions, they make for riveting reading— 
Collins never addresses these difficult 
issues of theory confirmation. 

‘The range of conditions under which the 
author’s theory applies is vague. The the- 
ory is one of face-to-face confrontation. 


BROWSINGS. 


Four Laws That Drive the Universe. Peter Ath 


Because such conditions hold for nearly all 
of human history, we can see how confronta- 
tional tension has culturally evolved to make 
us bad at violence more generally. Collins's 
framework also helps us make sense of why 
long-distance violence (for example, drop- 
ping bombs from 35,000 feet) would not be 
subject to the cultural constraints he high- 
lights in the book. Yet the African genocides 
in Rwanda and Darfur, which were taking 
place at the time the research for the book 
‘was conducted, are ignored. In his one men- 
tion of the 1994 Rwanda genocide, Collins 
claims that this sustained violence was due 
mostly to deliberate orders from higher 
authority and can therefore be blamed on 
civilization. This is partly true, but the sus- 
tained and sadly competent killings did have 
a face-to-face quality (often neighbor on 
neighbor) that doesn’t follow from Collins's 
theory. Rwanda in 1994 certainly did not 
have the moder organizational apparatus 
that the Nazis had to reduce confrontational 
fear. In short, even if the theory is intended 
for face-to-face conditions, clearer limits 
need to be set or else the unspeakable surfeit 
of violence in Rwanda and Darfur cannot so 
easily be written off. 

The theory itself, without any formaliza- 
tion of its propositions, allows for contradic~ 
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In the 19th century, considerations of the behavior of ideal steam engines led to the recogni 
‘of four fundamental laws: If two thermal systems are in equilibrium with a third, they are in equi- 
librium with each other. The internal energy of an isolated system is constant. Any spontaneous 
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tory claims to slip through unacknowledged. 
We are told that itis an entertainment myth to 
think of killers smiling as they rampage since 
they are typically weighed down by fear. But 
elsewhere we read of the “joy” involved in eth- 
nic rioting. Forward panic is said to lead to 
overkill, but some of the same emotional 
background occurs with fighter pilots, for 
whom the violence is self-limiting. Collins's 
theory of violence is based on fear and ten- 
sion, but to explain the absence of combatant 
violence in tennis he points to low levels of 
anger, a variable that has no place in the causal 
theory. Although terms such as “entrainment” 
and “tunnels” are neat metaphors that help 
us picture how violence-fearing individuals 
become grotesque killers—even if reading 
about “pits” inside “tunnels” while being 
“entrained” makes the process hard to pic~ 
ture—a formalized model of the conditions to 
Jead folk down different paths would allow 
testing and refinement of the provocative per- 
spective Collins offers in the book. Such for- 
malizations have led Maynard Smith and 
his followers to “hawk-dove” games. These 
indeed describe a nonviolent equilibrium, but 
they also can specify the conditions for of 
the-equilibrium-path violence. Had Collins 
subjected his data to such formal analysis, the 
conditions under which pathways to violence 
are traveled would be more clearly mapped. 
The bedrock of the behavioral sciences 
remains observation. Despite the isolation of 
the author's microsociology from statistical 
and formal analyses and the failure to specify 
the conditions under which the theory applies, 
Collins's Violence is a sourcebook for the oft- 


humans are bad at violence, even if civiliza- 
tion makes us a bit better at it. 
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PUBLIC HEALTH 


A Case Study of Personalized 


Medicine 
‘S.H. Katsanis, G. Javitt, K. Hudson* 


fersonalized medicine through pharma- 

Jcogenetics promises to revolutionize 

health care by harnessing individual 
genetic information to improve drug safety 
and efficacy. Under a personalized medicine 
scheme, drug prescribing and dosing no 
longer would be “one size fits all” but would 
be carefully tailored to a patients individual 
genetic variants. To date, there have been only 
afew genetic biomarkers whose clinical valid- 
ity in predicting drug response has been 
clearly established: HER2-positive breast 
cancer as a predictor of response to the drug 
Herceptin being perhaps the best known. 
However, some foresee the emergence of 
many more such tests (J). 

Pharmacogenetic testing presupposes the 
availability of validated genetic tests, ie., tests 
for which there are data linking the presence 
cor absence of specific variants with a specific 
outcome, such as improved therapeutic 
response or reduction in adverse events (see 
figure). Furthermore, itrequires that informa- 
tion about the connection between genetic 
variation and drug response is accurately and 
truthfully communicated to both health-care 
providers and patients. As the case study 
below describes, several barriers currently 
impede the success of personalized medicine. 
‘Today, there is no mechanism to ensure that 
genetic tests are supported by adequate evi- 
dence before they are marketed or that mar- 
keting claims for such tests are truthful and 
not misleading. Misleading claims about tests 
may lead health-care providers and patients to 
‘make inappropriate decisions about whether 
to test or how to interpret test results (2). 
Misleading marketing claims are particularly 
troubling when tests are sold directly to con- 
sumers (DTC), because there is no health-care 
provider to serve as a “gatekeeper” to prevent 
inappropriate test ordering or misinterpreta- 
tion of test results (2). For example, a patient 
informed of his or her cytochrome P-450 
(CY¥P430) profile might independently 
change the dose of antidepressant medication 
with adverse health outcomes. The current sit- 
uation also could lead both providers and 
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patients to lose trust in the value of genetic 
testing to improve drug-prescribing deci- 
sions (3, 4). 


‘CYP450 Genetic Testing for SSRIs 
Many drugs, including the commonly pre- 
scribed class of antidepressants, selective 
serotonin reuptake inhibitors (SSRIs), are 
either metabolized by CYP450 enzymes or 
inhibit the activity of these enzymes (5. 6). 


| __DRUG FACT: Genetic testing is 
available for personalized dosage 
and side effects ofthis medicine. 


Genotyping of variants in the CYP450 genes 
can be used to predict the metabolizing 
strength of the cytochrome enzymes, defined 
asultrarapid, extensive, intermediate, or poor. 
In theory, the profile of genotypic variants 
can be used to determine a dosage specific to 
‘a patient more efficiently than the traditional 
trial-and-error approach (7, 8). An individ- 
ual’s genotypic profile also may predict 
whether a particular medication interferes 
with the activity of another prescribed med- 
ication. Hence, there has been interest in 
genotyping CYP450 genes as a means to bet- 
ter guide SSRI prescribing and dosing. A 
CYP450 genotyping test cleared by the US. 
Food and Drug Administration (FDA) is 
available for two genes. 


Marketing of unproven tests shows the need for 
regulatory action to protect public health 


In Fall 2004, the Centers for Disease 
Control and Prevention (CDC) commissioned 
an independent, nonfederal expert panel, the 
EGAPP (Evaluation of Genomic Applications 
in Practice and Prevention) working group, to 
examine the validity and utility of genotyping 
for SSRI prescription. The review of the evi- 
dence found convincing data that SSRIs are 
metabolized by and inhibit the function of 
CYP4S0 enzymes and that polymorphisms in 
CYP450 enzymes are associ- 
ated with the function and 
strength of SSRI metabolism 
(7,9). However, EGAPP found 
“no evidence was available show- 
ing that the results of CYP450 
‘esting influenced SSRI choice 
cor dose and improved patient 
outcomes...” (9). EGAPP's con- 
clusion “discourages use of 
CYP450 testing for patients be- 
ginning SSRI treatment until 
further clinical trials are com- 
pleted” (9). 

Despite the EGAPP conchi- 
sions, at least 15 businesses 
currently offer CYP450 geno- 
typing services, with fourcom- 
panies making specific claims 
about the benefit of such test- 
ing for SSRI prescribing or 
dosing. Seryx and DNA Direct 
outsource the test to LabCorp 
and provide only interpretation 
of the genotypes, whereas 
Genelex provides both the test and interpreta- 
tion. Both DNA Direct and Genelex offer this 
test DTC, rather than through a medical 
provider. All four businesses offer CYP450 
genotyping services for a range of pharma- 
ceuticals, not only antidepressants. Same Web 
sites make explicit claims about the utility of 
(CYP450 testing for particular drugs, such as 
the claim by Genelex that pharmacogenetic 
testing is “required to effectively prescribe 
Paxil” (70). Other Web sites are less direct, 
including information about SSRIs within 
tables that describe the relations between 
CYP450 genes and a number of different 
medications (1-13). Among the four Web 
sites surveyed, there were inconsistencies 
regarding which genes are genotyped for each 
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of five SSRIs, a finding that shows the lack of 
consensus within the community as to what 
genes are relevant to test for each SSRI. This 
lack of consensus is likely confusing to both 
patients and doctors. 


Current Regulatory Environment 
{in most states, laboratories are not required to 
demonstrate clinical validity before offering 
new genetic tests to health-care providers and 
the public. Although clinical laboratories must 
be certified under the Clinical Laboratory 
Improvement Amendments of 1988 (CLLA) 
(74, laboratories do not have to demonstrate 
the clinical validity of the tests they provide to 
obtain certification. In addition, although FDA 
regulates manufactured test kits as medical 
devices, FDA does not regulate most labora- 
tory-developed tests (LDTS). In the case of 
(CYP450 testing. a laboratory may purchase the 
Roche Amplichip, which is regulated by FDA 
asamedical device, oritmay create anLDT for 
(CYP450 that receives no FDA scrutiny. 

‘Perhaps an even more relevant limitation is 
that FDAS oversight is limited to the specific 
uses for which the manufacturer intends the 
device. Thus, if the manufacturer does not 
claim thatthe testis beneficial in selectionand 
dosing of SSRIs, FDA does not require clini- 
cal evidence of such benefit from the manu- 
facturer. In the case of the Roche Amplichip 
test, for example, the intended use cleared by 
FDA does not refer to any specific drug, but 
rather states that information about the 
(C¥P2D6 and C¥P2C19 genotypes “may be 
used as an aid to clinicians in determining 
therapeutic strategy and treatment dose for 
therapeutics that are metabolized” by prod- 
‘ucts of these genes (1/5). 

‘Although FDA could, in theory, require 
‘manufacturers to demonstrate a test efficacy 
fora specific intended use (e.g, CYP450 test- 
ing for fluvoxamine) as a condition of test 
approval, the agency instead has cleared 
(CYP450 tests without clinical studies demon- 
strating that using these tests is beneficial in 
the selection or dosing of any particular SSRI. 
This is consistent with FDA's approach to 
some other diagnostic devices (such as mag- 
netic resonance imaging machines), where it 
has left determinations of clinical validity and 
utility to clinicians and payers. 

Finally, although the Federal Trade 
Commission Act prohibits businesses from 
making false or misleading claims about their 
products, the Federal Trade Commission 
(FTC) has not undertaken enforcement activi- 
ties against false and misleading claims made 
bby genetic test providers. In July 2006, in 
response to a US. Government Accountability 
Office investigation and subsequent Senate 


hearing on the value of genetic tests sold 
directly to consumers, FTC issued a consumer 
alert publicizing the questionable claims made 
for some DTC genetic tests (16). As described 
in this case study, this indirect approach has 
hhad no apparent effect on the availability of 
tests with questionable clinical validity. 


Policy Options and Prospects 
Federal advisory committees, lawmakers, 
and stakeholder groups have made recom- 
‘mendations about enhancements in the over- 
sight of genetic testing (17-23) and the 
Department of Health and Human Services 
hhas made “ensuring that genetic tests are 
accurate, valid and useful” a critical element 
of its personalized health-care initiative (24). 
However, to date, the government has not 
taken meaningful steps to enhance the over- 
sight of genetic testing. Three key policy 
changes are needed. 

Enhanced enforcement by FTC in over- 
sight of misleading claims. FTC has the 
authority to prohibit misleading advertising 
claims, but enforcement ofthis authority with, 
respect to genetic tests has not been a priority 
forthe agency. FTC should use the data analy- 
sis generated by EGAPP and others to take 
decisive action against companies making 
false or misleading claims about the benefitof 
genetic testing. 

Development of a mandatory registry 
‘Those offering genetic tests, whether DTC or 
through health-care providers, should first be 
required to submit information about the test 
and data supporting the intended use of the 
tests to a registry that would be accessible to 
the public. The availability ofthis information 
‘would aid doctors and patients in test selection 
and interpretation and afford a degree of trans- 
parency that currently is absent from the 
genetic-testing marketplace. Stakeholders 
representing industry, patients, and con- 
sumers support the development of a genetic 
test registry (/7-19) 

FDA oversight of LDTs. When the results 
of a genetic test will be used to take specific 
action regarding drug selection or dosing, 
FDA should first ensure that the test accu- 
rately and reliably detects a variant that corre- 
lates with drug response and that the claims 
made by those selling the test are supported by 
the evidence. Such review is essential for pub- 
lic health protection whether the test in ques- 
tion is based on a “test kit" or an LDT; FDA's 
review thus should not depend on the testing 
platform used by the laboratory. Expanding 
EDA to include those tests that will form the 
bedrock of personalized medicine will better 
protect the public against tests that lack ade- 
quate evidence of clinical benefit and whose 


use could lead to selection of ineffective med- 
ications, adverse drug reactions, or failure to 
take a drug that would be effective, 

At this early stage of personalized genomic 
medicine, it is essential to be certain that the 
regulatory infrastructure is tailored in a man- 
ner beneficial to public health. 
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BIOCHEMISTRY 


Toward Understanding 


Self-Splicing 


roup Il introns are a type of RNA 

‘enzyme (ribozyme) that catalyze their 

‘own excision from RNA transcripts. 
‘They hold profound significance for biologi- 
cal evolution, because some can insert them- 
selves into DNA targets, providing a possible 
pathway for genome diversification (1, 2) 
Furthermore, group If introns probably repre- 
sent the molecular ancestors of the spliceo- 
some, a complex assembly of five RNA mole- 
cules and many proteins that removes introns 
from many eukaryotic RNA transcripts (/. 2). 
On page 77 of this issue (3), Toor et al. de- 
scribe the crystal structure of a self-spliced 
group II intron at 3.1 A resolution, revealing 
for the first time the molecular details of this 
versatile catalytic RNA. 

Cells express their genes by first copying 
DNA into RNA transcripts, which serve as, 
‘messenger molecules that code for proteins or 
asnon-messengets that perform other cellular 
functions. Many genes contain intervening 
sequences (introns) that interrupt the coding 
regions (exons) of the DNA. During gene 
expression, the entire length of the gene 
(introns and exons) is copied into RNA. Butto 
express the gene correctly, cells must remove 
the introns from the RNA transcript and 
arrange the exons contiguously. This happens 
through a process known as RNA splicing, 
which involves catalysis of phosphoester 
transfer reactions at the exon/intron bound- 
aries. Some introns, known as self-splicing 
introns, catalyze their own removal. Others 
require more specialized machinery, such as, 
the spliceosome, for removal. 

Group IT introns are widespread, occurring 
in organisms from all three branches of life. 
‘They contain a well-preserved secondary struc- 
‘ture, organized into six domains (I to VD. 
Biochemical, phylogenetic, and computational 
analysishas provided important insights into the 
three-dimensional arrangement of the domains, 
the catalytic mechanism of the intron, and the 
mode of substrate recognition (I, 2). However, 
:no high-resolution crystal structures of group IL 
introns have been reported. 
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The crystal structure of a group I! intron shows: 
2 complex architecture with metal ions at the 
catalytic center. 


‘Molecular architecture of an RNA group Il intron. The intron organizes domain V into a binuclear metal 
center (DV, shown in red). The bound metal ions mediate catalysis of splicing chemistry. 


In the new work, Toor et al. screened 
extremophilic bacteria and identified a group 
intron from the deep sea microbe, Ocean- 
obacillus iheyensis. This intron has two prop- 
erties usually considered favorable for RNA 
crystallization. It retains splicing activity at 
relatively high temperatures, implying struc- 
tural stability, and splices during enzymatic 
synthesis in the test tube to produce a confor- 
mationally homogenous RNA, thereby pre- 
cluding the denaturation steps that usually 
‘accompany RNA purification. 

Inthe structure, domains [1o IV surround 
the highly conserved domain V, the long-sus- 
pected catalytic center of the intron (see the 
figure). In domain V, a 2-mucleotide (nt) bulge 
‘separates an upper hairpin from a lower heli- 
cal stem that contains the “catalytic triad” 
(usually AGC, but often CGC, as is the case 
here). Domains I to TV (including the highly 
conserved junction between domains I and 
1) organize the domain V bulge and the triad 
into. platform for binding two Mg” ions (M, 
and M,) that are spaced 3.9 A apart (see the 
figure).A third metal ion resides 6 A fromM, 
and M,. The crystallographic data lack den- 
sity for domain VI.and some other regions, but 
the structure contains many of the contacts 


previously implicated in functional studies 
(/, 2), suggesting that the overall arrangement 
of the domains closely resembles that of the 
active structure. 

The 3.9 A distance between M, and M, 
matches that between the two metal ions 
observed at the active sites of the Acoarcus 
group I intron (4) and many protein enzymes 
that catalyze phosphoester transfer reactions 
(5). This configuration of metal ions presum- 
ably facilitates splicing chemistry by provid- 
ing electrostatic complementarity to changes 
in atomic charge that occur along the reaction 
pathway. Biochemical experiments also sup- 
port the functional relevance of the binuclear 
metal center in the group IT structure. 
‘Structural studies and terbium probing exper- 
iments implicate metal-ion binding in the 
bulge (6, 7), and phosphates in both the bulge 
and the catalytic triad are sensitive to sulfiar 
substitution (8). Metal-ion rescue experi- 
ments further show that at least two distinct 
‘metal ions participate directly in catalysis (9) 
‘Atomic mutagenesis combined with quantita- 
tive analysis (8) identified the interaction cor- 
responding to M, and the phosphate at C377 
(Gee the figure). ~ 

‘The U6 small nuclear RNA, one of the five 
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RNA pieces in the spliceosome, has a domain 
V counterpart, containing a 2-nucleotide 
bulge located 5 base pairs away from an AGC 
triad (10). Formation of an analogous metal- 
binding platform in this region of U6(7) may 
explain the apparent ability of spliceosomal 
RNAS to retain catalytic activity in the com- 
plete absence of the many protein components 
that usually accompany splicing (2). A 
domain V-like element could have played a 
majorrole during the RNA world era of evolu- 
tion, serving as the catalytic center for RNA 
cleavage, transesterification, and polymeriza- 
tion reactions. 

‘The new structure provides a powerful 
starting point for future investigations of 
group IT introns and the spliceosome. The 


lack of electron density for domain VI, 
which is important for the first step of splic~ 
ing in many group II introns, and the 
absence of exons from the structure preclude 
us from seeing how these elements dock 
‘onto the surface created by domains Ito V. 
Thus, the structural details of substrate 
recognition and catalysis remain undefined. 
‘The nature of the conformational change 
known to separate the two steps of splicing 
(3) also remains unclear. Finally, it will be 
important for our understanding of group IT 
intron self-splicing to capture the structures 
of the other intermediates along the splicing 
pathway and to pursue experiments that link 
features of these structures with functionally 
defined interactions. 
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CLIMATE 


Blooms Like It Hot 


Hans W. Paer!” and Jef Huisman? 


utrient overenrichment of waters by 
N= agricultural, and industrial 

development has promoted the 
growth of cyanobacteria as harmful algal 
blooms (see the figure) (/, 2). These blooms 
increase the turbidity of aquatic ecosystems, 
smothering aquatic plants and thereby sup- 
pressing important invertebrate and fish habi- 
tats. Die-off of blooms may deplete oxygen, 
killing fish. Some cyanobacteria produce tox- 
ins, which can cause serious and occasionally 
fatal human liver, digestive, neurological, and 
skin diseases (Jd). Cyanobacterial blooms 
thus threaten many aquatic ecosystems, 
including Lake Victoria in Africa, Lake Erie in 
North America, Lake Taihu in China, and the 
Baltic Sea in Europe (3-6). Climate change is 
a potent catalyst for the further expansion of 
these blooms. 

Rising temperatures favor cyanobacteria 
in several ways. Cyanobacteria generally 
grow better at higher temperatures (often 
above 25°C) than do other phytoplankton 
species suchas diatoms and green algae (7, 8). 
This gives cyanobacteria a competitive advan- 
tage at elevated temperatures (8, 9). Warming 
of surface waters also strengthens the vertical 
stratification of lakes, reducing vertical mix- 
ing. Furthermore, global warming causes 
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lakes to stratify earlier in spring and destratify 
later in autumn, which lengthens optimal 
growth periods. Many cyanobacteria exploit 
these stratified conditions by forming intra- 
cellular gas vesicles, which make the cells 
‘buoyant. Buoyant cyanobacteria float upward 
‘when mixing is weak and accumulate in dense 
surface blooms (7, 2. 7)(see the figure). These 
surface blooms shade underlying nonbuoyant 
phytoplankton, thus suppressing their oppo- 
nents through competition for Hight (8). 

Cyanobacterial blooms may even locally 
increase water temperatures through the 
intense absorption of light. The temperatures 
of surface blooms in the Baltic Sea and in 
Lake Usselmeer, Netherlands, can be at least 
1.5°C above those of ambient waters (10, 1). 
This positive feedback provides additional 
competitive dominance of buoyant cyanobac- 
teria over nonbuoyant phytoplankton. 

Global warming also affects patterns of 
precipitation and drought. These changes in 
the hydrological cycle could further enhance 
cyanobacterial dominance. For example, 
‘more intense precipitation will increase sur- 
face and groundwater nutrient discharge into 
\waterbodies. Inthe short term, freshwater dis- 
charge may prevent blooms by flushing. 
‘However, as the discharge subsides and water 
residence time increases as aresult of drought, 
‘mtrient loads will be captured, eventually pro- 
moting blooms. This scenario takes place 
when elevated winter-spring rainfall and 
flushing events are followed by protracted 
periods of summer drought. This sequence of 


A link exists between global warming and 
the worldwide proliferation of harmful 
cyanobacterial blooms. 


Undesired blooms. Examples of large water bodies 
‘covered by cyanobacterial blooms include the Neuse 
River Estuary, North Carolina, USA (top) and Lake 
Victoria, Africa (bottom). 
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events has triggered massive algal blooms in 
aquatic ecosystems serving critical drinking 
water, fishery, and recreational needs. At- 
‘tempts to control fluctuations in the discharge 
of rivers and lakes by means of dams and 
sluices may increase residence time, further 
aggravating cyanobacteria-related ecological 
and human health problems. 

In addition, summer droughts, rising sea 
levels, increased withdrawal of freshwater for 
agricultural use, and application of road saltas 
a deicing agent have led to rising lake 
salinities in many regions. Several common 
cyanobacteria are more salt-tolerant than 
freshwater phytoplankton species (12, 13) 
This high salt tolerance is reflected by increas- 
ing reports of toxic cyanobacterial blooms in 
brackish waters (2,6) 

‘Some cyanobacteria have substantially 
expanded their geographical ranges. For 
example, Cylindrospermopsis raciborskii— 
the species responsible for “Palm Island mys- 
tery disease,” an outbreak of a severe hepati- 
tis-like illness on Palm Island, Australia (4)— 
‘was originally described asa tropical/subtrop- 
ical gemus. The species appeared in southern 
Europe in the 1930s and colonized higher lat- 


iiudes in the late 20th century. It is now wide- 
spread in lakes in northem Germany (14). 
Similarly, the species was noted in Florida 
almost 35 years ago and is now commonly 
found in reservoirs and lakes experiencing 
eutrophication in the US. southeast and mid- 
‘west (2). It is adapted to the low-light condi- 
tions that typify eutrophic waters, prefers 
‘water temperatures above 20°C, and survives 
adverse conditions through the use of special- 
ized resting cells (14). These bloom character- 
istics suggest a link to eutrophication and 
global warming. 

More detailed studies of the population 
dynamics in cyanobacterial blooms re needed. 
For example, competition between toxic and 
nontoxic strains affects the toxicity of 
cyanobacterial blooms (J/5). Furthermore, 
viruses may attack eyanobacteria and mediate 
bloom development and succession (76). Itis 
unclear how these processes are affected by 
global warming. What s clear, however, is that 
high nutrient loading, rising temperatures, 
enhanced stratification, increased residence 
time, and salination all favor cyanobacterial 
dominance in many aquatic ecosystems. Water 
‘managers will have toaccommodate the effects 


of climatic change in their strategies to combat 
the expansion of cyanobacterial blooms. 
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DEVELOPMENT 


Deconstructing Pluripotency 


Anne G. Bang and Melissa K. Carpenter 


1n 2006, Yamanaka and colleagues (7) dis- 

covered that mouse fibroblasts could be 

reprogrammed to a pluripotent, embry- 
onic stem (ES) cell-like state by the simple 
introduction of four transcription factors, 
‘Oct4, Sox2, KIf4, and e-Mye. This finding has 
since been reproduced (2-6) and extended to 
human fibroblasts using the same cocktail of 
genes (7, 8) or one composed of Oct4, Sox2, 
‘Nanog, and Lin28 (9). These so-called “in- 
duced pluripotent stem cells” (iPS cells) 
appear similar to ES cells in that they can give 
rise toall the cells of the body and display fun- 
damental genetic and morphologic ES cell 
characteristics (see the figure). The concept of 
‘an iPS cell brings together decades of work in 
the fields of ES cell biology and nuclear 
reprogramming that predicted itmight be pos- 
sible to impose pluripotency upon a somatic 
cell (/0). iPS cells not only have the potential 
to produce patient-specific stem cells, but 
they also provide a platform to study the biol- 
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ogy of pluripotency and cell reprogramming. 
In Science Express, Aoi et al.(1) broaden the 
application of iPS cell methodology to murine 
epithelial cell types, highlighting differences 
when compared with reprogramming of 
fibroblasts. And on page 97 of this issue, 
‘Viswanathan et al. (J2) address the role of one 
of the reprogramming factors, Lin28, in regu- 
lating microRNAs (miRNAs) in ES cells. The 
findings of Viswanathan et al., and recent 
work by Benetti eal. (73) and Sinkkonen etal. 
(9, advance our knowledge of the little- 
understood roles of miRNAs in ES cells. 
Collectively, these studies take us closer to 
understanding how ES cells maintain an 
undifferentiated, self-renewing, and pluripo- 
tent state, and to defining how pluripotency 
can be imposed on other cell types. 

To date, fibroblasts and mesenchymal 
stem cells have been used to generate iPS cells 
(2-9). A next step is to determine whether 
other cell types are susceptible to reprogram- 
ming. Toward this end, Aoi et al. produced iPS 
cells from two epithelial cell populations, 
adult mouse hepatocytes and gastric epithelial 


‘The requirements for reprogramming different 
somatic cell types to 2 pluripotent state may 
‘not be equivalent. 


cells, by expressing Oct4, Sox2, KI, and 
‘c-Myc. Like iPS cells generated from fibro- 
blasts (iPS-fibroblast), those from primary 
hepatocytes (iPS-Hep) and gastric epithelial 
cells GPS-Stm) were pluripotent and gave rise 
to adult and germline chimeras. However, 
iPS-Hep and iPS-Stm differ from iPS-fibro- 
blast cells in several important respects, indi- 
ccating that the dynamics of reprogramming 
‘may not be equivalent in these cell types. For 
instance, although c-Myc was used, iPS-Hep 
and iPS-Stm cell-derived chimeric mice did 
not display the c-Myc-dependent tumori- 
genicity observed in iPS-fibroblast-derived 
chimeric mice. In addition, iPS-Hep and iPS- 
Sim cells could be generated using less strin- 
‘gent selection conditions. Thus, epithelial cell 
types may be more prone to reprogramming, 
than fibroblasts. 

How do these differences inform us about 
the mechanism of reprogramming? Given that 
ES cells are an epithelial population, charac- 
terized by cell adhesion (mediated by the 
‘membrane protein E-cadherin), one possi 
ity is that epithelialization is an event required 
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Look alikes? induced pluripotent stem (iPS) cells can be Gerves from different cel types and share characteristics with embry 
onic stem (ES) cell. Whether other somatic cel types, like neurons, can be reprogrammed is unknown, MicroRNA have yet 10 


bbe examined in iPS cells. Microphotographs from (21). 


for generating iPS cells. Reprogrammed fibro- 
blasts begin to morphologically resemble ES 
cells before they express endogenous Oct4, 
‘which allows iPS cells tobe isolated solely on 
the basis of morphology (4, 6-9). Does the 
epithelial state of the liver and stomach cells 
give them a “leg up” relative to fibroblasts 
such that they are more susceptible to repro- 
gramming? Are there other intrinsic distine- 
tions between these cell types that could 
explain the apparent reprogramming differ- 
ences? Two recent papers (15, 16) break down 
reprogramming in fibroblasts into sequential 
events characterized by the expression of var- 
ious markers, leading to the activation of 
Octd. Itwill be interesting to compare the tim- 
ing and sequence of events leading to repro- 
‘gramming in fibroblasts versus epithelial cells 
to determine whether the kinetics of repro- 
gramming differ in these cell types. 

‘The discovery of iPS cells, together with 
advances in our understanding of the molecu- 
Jar mechanisms that regulate ES cells, raise 
the prospect that the puzzle of pluripotency 
‘may one day be solved. Recent studies high- 
light the importance of miRNAs in the regu- 
latory circuitry that controls pluripotency 
(27). Functional miRNAs are generated by 
processing primary miRNA (pri-miRNA) to 
a pre-miRNA and then to a mature miRNA 
that controls gene silencing through RNA 
interference. Mouse ES cells mutant for 
miRNA-processing genes (Dgcr8 or Dicer), 
do not proliferate normally, and upon differ- 
entiation fail to completely down-regulate 
(Oct expression and display severe defects in 
their ability to differentiate (17). Mutant phe- 
notypes of ES cells lacking DICER can be 


Repcogramming by 


Plarigotent cel types 
(can give rise to all cells ofthe body) 


IPS cell 


EScell 


‘Some common cnaracterisics 


Epigenetic modifications 


Eithelial characteristics 
Regulation by mic ORNAS? 


rescued by expressing the miR-290 cluster 
miRNAs and by de novo DNA methyltrans- 
ferases (Dnmts) (13, 14). The authors pro- 
pose that miR-290 cluster miRNAs regulate 
the expression of Dnmts, in part through 
targeting the transcriptional repressor 
RDI2. Sinkkonen et al, describe rescue of the 
stable repression of Oct4 upon differentia 
tion, whereas Benetti et al. propose that 
through indirect regulation of Damts, 
‘miR-290 cluster miRNAs control telomere 
recombination. These data supporta mode! in 
which miRNAs maintain ES cells by control- 
ling telomere homeostasis and, upon differ- 
‘entiation, repress the self-renewal program 
by modulating the epigenetic status of 
pluripotency genes. Although miRNAs are 
yetto be examined in iPS cells, it seems likely 
that they will play similarly important roles. 
Viswanathan et al. provide further evi- 
dence for the potential importance of miRNAS 
in ES cells. Because the let-7 family of 
‘miRNAS is not processed in mouse ES cells, 
but processing is observed by 10 daysofembryo- 
genesis, let-7 maturation was presumed to be 
locked in ES cells (/8). Viswanathan et al. 
have identified Lin28 as a pri-let-7g binding 
protein in ES cell extracts and show that Lin28 
specifically blocks the processing of pri-let- 
‘7g to pre-let-7g. This discovery may correlate 
with the recent finding that Lin28 enhances 
the recovery of iPS cell clones from human 
fibroblasts (9). Iti intriguing that let-7g has 
been implicated as a tumor suppressor. 
Putative targets of let-7g include Hmga2, c- 
“Myo, and K-Ras, which suggests possible 
‘mechanisms of action (19, 20). Thus, incha- 
ssion of Lin28 in the factor cocktail to make 
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iPS cells may be a double- 
edged sword because it could 
participate in self-renewal but 
could also have oncogenic 
potential. Lin28 may also 
regulate the translation of 
mRNA, as observed in myo- 
lasts (27). What role does 
Lin28 play in ES and iPS 
cells and why is let-7 ex- 
pressed but not processed? 
Does Lin28 promote the 
undifferentiated state? Answers 
to these questions await future 
studies examining the pheno- 
typic consequences of let-7 
miRNA maturation or loss of 
Lin28 function in ES and 
iPS cells. 

‘The promise of iPS cells is 
that they are pluripotent and 
potentially patient-specific. The 
therapeutic application of iPS 
cells will require demonstrating that these 
cells are stable and show an appropriate safety 
profile in preclinical studies. An in-depth 
understanding of the molecular mechanisms 
that underlie pluripotency and reprogram- 
ming is crucial to hamess iPS cell technology 
and develop viral-free methods to produce 
these cells. The studies by Aoi ef al. and 
Viswanathan et al. are a step toward de- 
constructing pluripotency and open many new 
questions regarding reprogramming and the 
nature of the embryonic stem cell. 
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CELL SIGNALING 


Tel2 Finally Tells One Story 


Michael Chang’? and Joachim Lingner' 


al. (J) on the protein TEL2 is reminis- 

cent of the tale in which six blind men 
were each asked to describe an elephant by 
touching it. Each one touched a different part, 
and thus each provided a strikingly different 
description of what an elephant is like. One 
tonched the elephant’s broad and sturdy side 
and thought it felt ikea wall. Another touched 
its tusk, which felt ikea spear. third touched 
its trunk, which felt like a snake. The fourth, 
fifth, and sixth men touched its knee, ear, and 
tail, which were mistaken fora tree, a fan, and 
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Diverse roles. The protein Tel2 interacts with phosphatidylinositol 3-kinase-related 
pratein kinases (PIKKs) in mammalian cells, each of which functions in a differ 


a rope, respectively. The story illustrates the 
importance of getting the whole picture, 
which is what the new study provides about 
‘TEL2, whose many, seemingly unrelated 
functions have been 

‘The Tel2 story begins in 1986, when Lustig 
and Petes discovered mutant strains ofthe bud- 
ding yeast Saccharomyces cerevisiae that had 
abnormally short telomeres (2), the physical 
ends of eukaryotic chromosomes. They 
znamed the two identified strains tel and tel2, 
whose mutated genes were cloned 10 years 
Jater (3,4). Much is now known about the yeast 
gene TEL]. It encodes an evolutionarily con- 
served enzyme that localizes to short telo- 
‘meres, where it phosphorylates protein sub- 
strates and increases the activity of telomerase, 
the ribomucleoprotein complex that lengthens 
telomeres. Ataxia telangiectasia mutated (ATM), 
the human ortholog of Tell, is well known for 
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reacting to DNA double-stranded breaks by 
eliciting a DNA damage response. 

By contrast, the functional role of Tel2 has 
beena more difficult puzzle to solve. Tel2 isa 
‘well-conserved protein that is essential for 
yeast viability. Determining the precise role of 
‘Tel2 has been complicated by its many appar- 
ently nonoverlapping functions reported in 
various organisms. In addition to maintaining, 
telomere length in S. cerevisiae, it functions in 
the DNA replication checkpoint in the fission 
yeast Schizasaccharomyces pombe and in 
‘humans, coupling the onset of cell division 
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with the successful replication of DNA (5-7). 
In the nematode Caenorhabditis elegans, 
however, hypomorphic alleles (forms of a 
gene in which the encoded protein has 
reduced function compared with the wild- 
type allele) of clk-2/nad-S (the TEL2 ortholog 
in C. elegans) not only can cause stress during 
DNA replication and hypersensitivity to DNA 
double-strand breaks, but also can increase 
life span and reduce the rate of numerous 
physiological processes, including embryonic 
and postembryonic development, and repro- 
duction (8-10). 

‘The work by Takai et al. provides a unify- 
ing model for all the reported functions of 
‘mammalian Tel2 and its orthologs. Through a 
very careful and systematic analysis of the 
phenotype of 7e!2-null mouse cells and bio- 
chemical protein interaction studies, the 
authors discovered that TEL2 directly inter- 
acts with all six of the mammalian. phos- 
phatidylinositol 3-kinase-related protein 
kinases (PIKKs). Absence of TEL2 substan- 
tially reduced the expression level of all 
PIKKs in mouse cells, impinging on their 
function (see the figure). Because a direct 


‘The ability of 2 protein to interact with an 
entire family of phosphorylating enzymes 
‘explains its diverse functions across species. 


physical association between Tel2 and PIKKs 
‘was also recently observed in fission yeast 
(12), the function of Tel2 as a stabilizer of 
these kinases may also be conserved. 

PIKKs area family of enzymes with diverse 
functions. There are six PIKKs in mammals: 
ATM, ATM and Rad related (ATR), DNA- 
dependent protein kinase catalytic subunit 
(DNA-PKcs), mammalian target of rapamycin 
(mTOR), suppressor with morphological effect 
‘on genitalia 1 (SMGI), and transformation! 
ATM is the human ortholog of S, cerevisiae 
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ent signaling pathway that responds toa specific cellular stress. How Tel2 func- 
tion is coordinated among these pathways remains to be determined. 


‘Tell, which explains the short telomeres seen in 
‘budding yeast fel? mutants in which Tell may 
be unstable. ATM and ATR are key regulators 
in the DNA damage response, accounting for 
the hypersensitivity to DNA damage and DNA 
replication checkpoint defects in humans, fis- 
sion yeast, and C. elegans tel? mutants. mTOR 
thas an essential role in cell growth by regulat- 
ing the cellular response to changes in environ- 
‘mental cues, mitogenic signals, and nutrient 
availability, offering an explanation for the 
pleiotropic phenotypes seen in clk-2/tel? 
mutants in C. elegans. 

However, much remains unknown about 
‘what exactly Tel2 is doing and how itis doing 
it. Note that the mechanisms by which Tel2 
stabilizes PIKKs and the process through 
which PIKK degradation occurs in Te/2- 
deficient cells have yet to be elucidated. 
Inhibition of the proteasome did not affect 
PIKK degradation, and Takai and colleagues 
speculate that Tel2 may protect PIKKs from 
cleavage by a specific protease, Pethaps most 
intriguing is why Tel2 should impinge on 
‘so many apparently disconnected signaling, 
pathways that respond to very different envi- 
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ronmental cues. It seems unlikely that all 
PIKKs should be regulated by Tel2 in a coor- 
dinated fashion. A more attractive hypothesis 
is that the interaction of Tel2 with PIKKs is 
regulated individually, to provide a fast 
switch to turn signaling pathways on or off in 
response to changes in the environment. Of 
course, this opens up many questions about 
regulatory mechanisms, and the yeast and 
nematode model systems may be powerful 
tools to explore this area. 

It also remains to be seen if Tel2 influ- 
ences the enzymatic or cellular properties of 
PIKKs. Indeed, recent work by Anderson 
et al. (12) shows that the fel2-1 mutant allele 
in S. cerevisiae not only causes a decrease in 
the amount of Tell protein (the yeast ortho- 


Jog of mammalian ATM) expressed, but that 
Tel2 may also help Tell to associate with 
DNA double-strand breaks in this organism. 
Notwithstanding, by providing one model 
by which all the fel2 phenotypes could 
potentially be satisfyingly explained, Takai 
and colleagues have given researchers a 
foundation for future hypotheses and exper- 
iments. They have allowed us to see the 
entire Tel2 elephant. 
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ASTRONOMY 


Small-Scale Observations Tell 
a Cosmological Story 


Philip A. Bland 


eteorites are the oldest rocks to 
Me wwe have access, dating back 
4567 million years (2), to an epoch 
before planets, when our solar system was 
nothing more thana disk of dust and gas. They 
contain a record of that earliest period of solar 
system history, including the variety of local 
stellar sources that contributed to our proto- 
planetary disk and the physical and chemical 
processes that occurred within it. On page 91 
of this issue, Fries and Steele (2) report their 
discovery of graphite whiskers (GW) in mete- 
orites. Their observation has importance for 
our understanding of the environment of 
the early solar system, and GWs may have 
broader astrophysical and cosmological im- 
plications as well 
The most primitive meteorites—with tex- 
tures, mineralogy, and chemistry compara- 
tively unmodified since their accretion— 
known as carbonaceous chondrites. These 
rocks have a composition approaching that of 
the Sun (for elements other than the noble 
gases and H, C, N, and O) (3). They are also 
hugely heterogeneous, containing spherical 
igneous inclusions known as chondrules, 
which probably formed by localized heating 
events in the body of the disk (4), and ocea- 
sional calcium-aluminium-rich inclusions 
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(CAls) that may have formed very close to the 
proto-Sun (4). All of this is bound together 
with a fine-grained “matrix” that is likely 
(at least in part) a remnant of the disk itself” 
(5). The matrix contains presolar material: 

micrometer- and submicrometer-sized grains, 
formed in the atmospheres of other stars, 

‘which we can analyze in the lab (6). 

Studies of carbonaceous chondrites are 
relevant to questions beyond the origins of our 
own solar system, complementing astronomi- 
cal observations of protoplanetary disks and 
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Growing whiskers. A protoplanetary disk showin 
‘Graphite whiskers, condensing cose to the young 
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Graphite whiskers found in meteorites provide 
clues to the chemical environment in the early 
solar system, 


young stellar objects and (in the case of pre- 
Solar grains) astrophysical models of stel- 
Jar nucleosynthesis and the chemical and 
dynamic evolution of the Galaxy (6). Fries 
and Steele present a Raman imaging spec- 
troscopy study of three carbonaceous chon- 
drites in which they find a highly unusual car- 
bonallotrope in the form of graphite whiskers, 
which have never before been observed in 
meteorites or cosmic dust. 

Graphite whiskers are postulated to be a 
component of the interstellar (and intergalac- 


1998 


lar outflows: A potential mechanism for launching 
to interstellar space 


4 APRIL 2008 


a1 


| PERSPECTIVES 


62 


tic) medium and have found a home in a vari- 
ety of astrophysical models (7—/0). One fasci- 
nating possibility is that GWs in the inter- 
galactic medium may explain the observed 
dimming of supernovae at high redshift. 
Astronomers use measurements of the bright- 
ness and redshift of distant objects to deter- 
mine how quickly the universe is expanding. 
Observational evidence of the apparent lumi- 
nosities of supernovacat high redshift (//, 12) 
have been taken to suggest an accelerated 
expansion of the universe, driven by “dark 
energy”—a concept that has recently revolu- 
tionized cosmology. 

However, there are a number of potential 
explanations for these observations that would 
remove the need for “dark energy,” among 
them models that explain supernova dimming 
through particles in intergalactic space that 
absorb or scatter light (9, 10). Graphite 
whiskers are an ideal candidate for this mate- 
rial for two reasons: These grains change the 
spectrum of incident light very little, consis- 
tent with the apparent colors of the high red- 
shift supernovae, and they are very efficient 
absorbers, so they could be preferentially 
ejected from the formation sites within galax- 
ies by radiation pressure. Although early mod- 
els (9) are difficult to reconcile with more 
recent supernova data (/3), new, more detailed 
models (/0) are compatible with current data. 

With the potential to study extraterrestrial 
GWs in the lab, Fries and Steele have shown 
that analysis of meteorites can provide “ground 
truth” data for the models discussed above. 
Before the current study, only one other form of 
mineral needle or whisker had been discovered 
in extraterrestrial materials: enstatite, a magne- 
sium silicate (/3). It was suggested, based 
on the unusual crystal morphology and 
microstructure of the enstatite needles, that 
they were vapor-phase condensates and that 
they might have formed cither in the solar neb- 
ula orina presolar environment (/3). Similarly, 
Fries and Steele note that all known GW syn- 
thesis methods involve deposition from a vapor 
at high temperature. GWs appear to be com- 
monly associated with CAIs (2); thus, Fries and 
Steele propose that, because CAIs are thought 
to form close to the young Sun, and GWs are 
condensing there, GWs could easily have been 
launched into interstellar space from the disk 
by bipolar outflows, a common feature of pro- 
toplanetary disks (see the figure). 

Bringing the discussion closer to home, 
what are the implications for our understand- 
ing of processes occurring in the carly solar 
system? GWs are observed in three settings: 
within a chondrule, inside several CAIs (and 
also at the CAI/matrix boundary), and associ- 
ated with a rim around a piece of altered 


matrix-like material. Many CAIs show evi- 
dence for formation by condensation, so it is 
not unexpected to find evidence for another 
condensed phase there. More surprising are 
the GWs associated with the fragment of 
matrix-like material, which, with associated 
minerals, suggests high-temperature forma- 
tion of these fragments at asteroidal distances. 

The GWs described by Fries and Steele 
clearly have a solar system origin. The abun- 
dance of presolar GWs may be very low com- 
pared with other presolar grains found in mete- 
orites, but if Fries and Steele are correct, then 
bona fide presolar GWs should also be there. 
Although bipolar outflows are a reasonable 
mechanism by which to launch GWs into inter- 
stellar space, it is clearly a priority now to con- 
firm whether GWs are indeed a component of 
the interstellar medium. Meteorite analysis can 
answer that question. CV chondrites—the type 
of meteorite studied here (2)}—are arguably the 
least primitive of all the carbonaceous chon- 
drites. Therefore, a necessary next step would 
be to extend the search to fine-grained materi- 
als in the most primitive meteorites, cosmic 
dust, and cometary samples to identify graphite 
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whiskers that exhibit the type of isotopic anom- 
alies characteristic of formation in the atmo- 
sphere of stars other than the Sun. 
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Creating Musical Variation 


Diana S. Dabby 


Inspiration for composition may come from natural sounds, chance, and methods based on 


chaos theory. 


n the 21 letters that Mozart wrote to his 

friend Michael Puchberg between 1788 

and 1791, there exist at least 24 variants of 
the supplication “Brother, can you spare a 
dime?” Mozart ornaments his language to 
cajole, flatter, and play on Puchberg’s sympa- 
thies (/, 2). He varies his theme of “cash 
needed now” in much the same way an 18th- 
century composer might dress a melody in 
new attire by weaving additional notes around 
its thematic tones in order to create a variation. 
Such ornamentation could enliven and elabo- 
rate one or more musical entities, as can be 
heard in the Haydn F Minor Variations (1793) 
(3). The Haydn represents one of the most pop- 
ular forms of the 18th and 19th centuries— 
variations on original or borrowed themes. Yet 
myriad variation techniques existed besides 
ornamentation, including permutation and 
combination, as advocated by a number of 
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18th-century treatises. More recently, 
fields suchas chaos theory have allowed com- 
posers to create new kinds of variations, some 
of which are reminiscent of earlier combi- 
natorial techniques. 

In a broad context, variation refers to the 
technique of altering musical material to cre- 
ate something related, yet new. Recognizing 
its importance to composers, the 20th-century 
composer and teacher Amold Schoenberg 
defined variation as “repetition in which some 
features are changed and the rest preserved” 
(4). He wrote numerous examples showing 
how a group of four notes, each having the 
same duration, can be varied by making rhyth- 
mic alterations, adding neighboring notes, 
changing the order of the notes, and so on (see 
the figure, panels A to C) (5). Changing the 
order of the notes reflects the 18th-century 
practice of ars combinatoria. Joseph Riepel 
advocated a similar approach (see the figure, 
panel D) (6). How might a composer use such 
ordering techniques? 
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Idea and variations. Variation techniques illustrated by Schoenberg, Riepel, and a chaotic mapping exam- 
ple. Schoenberg offers numerous ways to vary a given four-note group, shown in the first measure of each 
line. (A) Rhythmic changes. (B) Addition of neighboring notes. (C) Changing the original order. (D) One of 
many examples given by Riepel of ars permutatoria, a branch of ars combinatoria, where six permutations of 
the notes A B C are given (15). Note that Riepel writes above the staff the German musical spelling of the 
notes so that “B” translates to B-flat. (E) The first measure of a Bach prelude (pitches only) followed by the 
first measure of a variation generated by the chaotic mapping. 


Igor Stravinsky offers one of many possi- 
ble examples in his Variations: Aldous Huxley 
in Memoriam for Orchestra (1964); “My 
Variations were composed on the following 
pitch series, a succession of notes that came 
to my mind as a melody: DC A B EA# G# C# 
D# G F# F. After writing it out, I gradually 
discovered the possibilities in it as material 
for variations. ... Veranderungen—alter- 
ations or mutations, Bach’s word for The 
‘Goldberg’ Variations—could be used to 
describe my Variations as well, except that I 
have altered or diversified a series, instead of 
a theme or subject...” (7). 

Stravinsky derived additional material 
from his array of notes to produce 12 varia- 
tions by, for instance, taking his original series 
and reversing the order to generate a second 
row of notes: F F# G D# C# GH A# E BACD. 
He then rotated this row to create five more 
rows by placing the first note at the end to gen- 
erate a second row. To construct the third row, 
he rotated the second, and so on. Clearly 
Stravinsky built a 6 x 12 matrix of notes. He 
then exploited the rows and columns to con- 
struct his variations of the original series by, 
for example, deriving the opening chords of 
his Variations from the first six columns of the 
matrix (8). 

Yet an array of material does not have to 
consist of single notes, as demonstrated by 
Pierre Henri in his 48-minute Variations pour 


une porte et un soupir (“Variations for a Door 
and a Sigh,” 1963). Using recordings of a 
breathed sigh, the sung sigh of a musical saw, 
and a squeaking door, Henri created his varia- 
tions by mixing, then transforming these 
sounds in their entirety and in fragments, 
while varying rhythm and intensity (9). 

Flash forward to 1987 when DJ Lil’ Louis, 
using much more sophisticated analog equip- 
ment, produced French Kiss, the first house 
music hit to sell a million copies in Europe and 
North America. House music typically features 
a sampled audio clip that undergoes successive 
transformations, engineered through electronic 
effects and instruments. Louis started with a 
simple repetitive array of rhythms heard on 
kick drum, synthesizer, and hi-hat, which he 
gradually varied by adding shakers, electronic 
brass instruments, hand claps, and more (/0, //). 

John Cage broke with tradition by leaving 
the elemental material of the array and its 
order unspecified. The “score” for his Vari- 
ations IV consists of handwritten instructions 
providing a schematic that enables chance not 
only to decide the musical material but also to 
determine its order. Cage allows “any number 
of players, any sounds or combinations of 
sounds produced by any means, with or 
without other activities” (/2). Cage's piece 
will drastically change from performance 
to performance—much more so than, say, 
Stravinsky's Variations—by virtue of the 
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chance and randomness he deliberately in- 
serts into his score. 

However, if a composer wants to vary an 
entire work from one hearing to the next, and 
even from performance to performance, with- 
out Cage’s randomness, a different kind of vari- 
ation technique has been helpful—one that 
uses a chaotic mapping to make musical varia- 
tions of the entire work (/3), Such a technique 
harnesses a natural mechanism for variability 
found in the science of chaos—that is, the sen- 
sitivity of chaotic trajectories to initial condi- 
tions. Two chaotic trajectories map the pitch 
sequence of a musical score into a variation 
where the same set (or subset) of pitches 
appear, but in modified order (see the figure, 
panel E). Virtually infinite in number, these 
variations can be close to the original, diverge 
from it substantially, or achieve degrees of vari- 
ability between these two extremes. Unlike the 
above methods, the technique offers a post- 
compositional process in which a composer can 
go on a journey to someplace new or unimag- 
ined with an already completed piece (/4). 

The several music files available online 
(3, 11, 14) are intended to serve as only a sam- 
pling of the richness of musical variations. Just 
opening one’s ears makes it possible to hear the 
variations that pervade our musical lives, from 
jazz improvisations on popular songs to the 
tinkling pitches caused by rain on a tin roof. 
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Stochasticity and Cell Fate 


Richard Losick* and Claude Desplan? 


Fundamental to living cells is the capacity to differentiate into subtypes with specialized attributes. 
Understanding the way cells acquire their fates is a major challenge in developmental biology. How 


cells adopt a particular fate 


usually thought of as being deterministic, and in the large majority 


of casesitis. That is, cells acquire their fate by virtue of their lineage or their proximity to an inductive 
signal from another cell. In some cases, however, and in organisms ranging from bacteria to humans, 
cells choose one or another pathway of differentiation stochastically, without apparent regard to 


environment or history. Stochasticity has important mechani 


requirements. We speculate on 


why stochasticity is advantageous—and even critical in some circumstances—to the individual, 


the colony, or the species. 


“I, at any rate, am convinced that He 
does not play dice.” 
Albert Einstein, 1926 


lassic mode! systems for the study of de- 

‘velopment offer numerous examples of 

cellular differentiation in which cell fate is 
not left to chance. The generation of progeny 
with distinct cell fates is hant-wired into the cell 
cycle of Caulobacter crescentus (I). Likewise, 
Saccharomyces cerevisiae switches 
mating types (2) and Drosophila 
melanogaster generates neurons 
and glial cells by intrinsically asym- 
‘metric processes of cell division (3) 
Also not left to a roll of the dice is 
the decision to become a photorecep- 
torin the fly eve, which is detemnined 
by the proximity of.a precursor cell to 
a signaling peptide (4. 

In striking contrast are entry into 
the state of competence by Bacilles 
subtilis and the generation of 
altemative eolor vision photorecep- 
tors in D. melanogaster (Fig. 1). 
Although these systems could not 
be more different, they have in 
common that the choice of fate is 
made stochastically. Figure 1A 
shows a field of B. subdilis cells 
containing DNA encoding green 
Auorescent protein fused to the 
promoter of a gene that is under 
the contro! of the DNA-binding 
protein ComK, the master regulator 
for competence (5). Competence is a specialized 
state involving the expression of about 100 
genes. In competence, growth ceases and the 
cells become capable of taking up DNA from the 
environment and incorporating it into the chro- 
mosome by recombination. About 20% of the 
cells are active for ComK and the rest are not. 
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Each cell makes a binary choice between these 
two states randomly (S-7). Presumably, com: 
petence imparts a fitness advantage that out 
weighs the cost of producing cells that 
temporarily stop growing. Whereas the choice 
to enter competence is made stochasicaly, exit 
from competence and resumption of growth 
occur after a relatively fixed period of time (8) 
Thus, competence exhibits both nondeterministic 
and deterministic features, 


Fig. 1. Stochastic distribution of cell fates in bacteria and in insect 
photoreceptors. (A) Fluorescence micrograph of &. subtifs cells containing the 
coding sequence for GFP fused tothe promoter for a gene under the control of 
the competence regulator ComK. The cells were visualized with a red stain; 
the green fluorescence reveals the subpopulation of cells that are ON for 
ComK. The cells are 1 to 2 um in length. (B) Photograph of a whole adult : 
Drosophila retina whose RB photoreceptors were stained with antibodies to , 

the green-sensitive photopigment Rhé (green) and the blue-sensitive photo- 
pigment RS (blue). The horizontal distance between photoreceptors is about 


Figure 1B shows the retina of Drosophila, 
which has a compound eye composed of 
‘multiple-unit eyes known as ommatidia. In each 
‘ommatidium, a stochastic choice is made in one 
of the eight photoreceptor cells (called R7) to 
become one of two possible cell types (9). Once 
this choice is made, the R7 cell instructs the 
photoreceptors lying undemeath it (called RS) to 
express either a blue-sensitive or a green- 
sensitive rhodopsin photopigment (10). Here 100, 
the choice is made randomly: Each ommatidium 
‘makes its choice independently (11). 


In both examples, the choice is not simply 
the equivalent of flipping a coin, Instead, it is 
biased: For the bacteria, the ratio of competent 
to noncompetent cells is about 20:80, whereas 
for the ommatidia, the ratio of blue to green 
subtypes is 30:70. Interestingly, the 30:70 
ratio is conserved between Drasopihila and the 
house fly (Musca) despite more than 120 
million years of evolution (12). 


Noise and Bistability 
Stochasticity requires both a means to generate 
noise and mechanisms to stabilize decisions 
reached in response to it. Noise can arise from 
‘multiple sources, such as variations in the activity 
of individual genes, ce-to-cell variations in meta- 
bolic activity, or fluctuating levels of an extemal 
Signal (13) For example, a B. subvifis cel might 
enter competence as a response to noise in the 
{ntinsic transcription of the gene encoding Com. 
o. 

Noise alone is insufficient to create binary 
switches between altemative cell fates, Fluctua 
tions due to noise are generally small and 
transient; what is also needed are mechanisms 
to amplify these fluctuations and then to stabilize 
cone choice or another. Systems of this kind are 
said to be bistable; that is, the system has two 
stable states, each of which is 
resistant to small perturbations and 
hence can persist for prolonged 
periods of time (/4). Bistable 
systems often exhibit a kind of mem: 
ory known as hysteresis: When a 
switch is thrown in one direction, it 
does not readily switch back when 
the signal is removed. Bistability 
ensures that once the switch is 
thrown, the circuit remains locked. 
Bistability can be achieved by pos- 
itive autoregulatory loops (Fig. 24), 
by doubiennegative loops (Fig. 2B), 
or by complex circuits comprising 
several intennediary loops (Fig. 2C) 
(ZS). A classic example is the alter 
native lytic and lysogenic states of 
the bacterial virus lambda (16). The 
vinus is locked into 


ic modes by mutually antagont 
repressors that inhibit each other's 
synthesis. When one repressor takes 
over, even weakly, the system 
switches for long periods of time in one direction 
Fig. 2D). 

Bistability requires mechanisms to render the 
switch hypersensitive, allowing a rapid response 
once a threshold has been attained. In phage 
lambda, this is achieved by cooperative DNA- 
binding interactions among repressor molecules. 
For B. subtilis competence, production of ComK 
is controlied by a positive feedback loop in which 
Com. stimulates its own synthesis (5). Hyper- 
sensitivity is achieved by cooperative binding of 
ComK to its promoter. What these systems have 
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{in cormmon is a hypersensitive switch that is 
poised on a knife edge and can flip in one diree- 
tion or the other when pushed by noise. 


ell-Autonomous Choices 
Why is stochastic choice of cell fate advanta- 
geous? We address this question first in the 
case of stochastic choices that are made cell- 
autonomously. Pechaps the most attractive expla- 
nation comes fram studies of stochastic switches 
in bacteria, Bacteria respond to adverse environ- 
‘mental conditions by inducing the expression of 
adaptive genes. Stochasticity allows bacteria to de- 
ploy specialized cells in anticipation of possible 
adverse changes in the environment. A striking 
example isthe perister state, which is observed 
jn many bacteria (17, 18) Populations of Escherichia 
coli ceils are found to contain a tiny subpopulation 
of cells that have temporarily entered nongrow- 
ing or siow-growing states in which they can 
clude the action of antibiotics that can ony Kill 
actively growing bacterial cells. Thus, when a 
population of E. coli cells is treated with (for 
example) ampicillin, the persistr cells survive by 
virtue of their quiescence. Cells that exit the per 
sister state after the antibiotic treatment has ended 
resume growth. An appealing interpretation of 
this phenomenon is that E col is hedging its bets 
against the future possibility of encountering 
antibiotics. If it waited to respond until after the 
antibiotic was present, it would be too late to 
adapt and the entire population would die. In- 
deed, modeling shows that stochastic switching 
can be favored over mechanisms based on sens- 
ing when the environment changes infrequently 
(29, 20). The mechanism that causes cells to entet 
the persister state stochastically involves an im- 
balance between a toxin and its anitoxin encoded 
by atwo-gene module. Normally, the antitoxin is 
‘nexcess and neutralizes the toxin. However, when 
the toxin is in excess, cell growth is arested but 
the cells are not killed. Rather, they are in stasis. 

Another example of apparent bet-hedging is 
swimming and chaining in B. subsitis. Bacterial 
cells in exponential-phase growth are a mixture 
of unicellular, motile cells and long chains of non- 
‘motile cells (22), The swimming cells are active 
for the transcription factor 6°, which govems 
motility and the production of enzymes (autoly- 
sins) that allow newly divided cells to separate 
from each other. Conversely, the chains of non- 
motile cells are inactive for o?. How the cells 
interconvert between the ¢”-ON and o°-OFF 
states is not known. 

‘What is the biological importance of the al- 
temative swimming and chaining states? An ap- 
pealing possibility is that the swimmers are 
nomadic cells in search of new food sources, 
Whereas the chains are sessile cells that exploit 
the current niche. Thus, B. subtilis would appear 
to hedge its bets against the likelihood that its 
current food source will be exhausted while a the 
same time taking full advantage of existing food. 

“When it comes to cel! fate in metazoans, in 
‘expretations other than bet-hedging must be in- 


voked to explain stochastic choices because all 
cells depend on one another. Consider the ease of 
‘olfactory receptors in mamma's (22). As for most 
sensory systems, only one type of olfactory re- 
‘ceptor protein is produced in any given olfactory 
receptor neuron s0 as to avoid the sensory con- 
fusion that would occur if the same cell expressed 
more than one receptor gene. As the genome of 
the mouse devotes 4% of its protein-coding se- 
‘quences to olfactory receptors, representing 1000 
genes, the task of achieving this sensory exclu- 


sion is formidable. To meet the challenge, each 
neuron chooses to express one olfactory receptor 
gene in.a stochastic manner and prevents expres- 
sion of all other olfactory receptor genes in that 
cell (22). Thus, only one of the 1000 olfactory 
receplor genes (actually 2000, each gene being 
represented by two alleles) is randomly activated 
{in any one cell (Fig. 3), Here, the explanation 
for using stochasticity is economy: A regulatory 
circuit designed to choose among 2000 genes in a 
directed manner would need to be extraordinarily 


Fig. 2. Regulatory circuits exhibiting bistability. (A and B) Two 
kinds of regulatory cirauits that can exhibit bistability. (A) Posi- 
tive feedback loop in which an activator (e.g., Comi0 stimulates 
the transcription ofits own gene. Hypersensitivity is achieved by 
‘cooperativity among activator molecules in binding to the pro- 
‘moter region for the gene (not illustrated. (B) Double negative 
regulatory circuit in which two represors (eg, the phage 
lambda C1 and Cro repressors) antagonize the transcription of 
‘each other's gene. Hypersensitivity is achieved by cooperativity 
among repressor molecules in binding to operator sites in DNA, 
(© An example of a doublenegative regulatory circuit that 
‘governs the alternative neuronal ASE-L and ASER fates in C 
‘elegans. in this case, the two transcriptional regulators (COG- 
11 and DIE-1) antagonize each other's synthesis indirectly through 
the action of the microRNAs '56 and mif-273, which block the 
translation of the mRNAs for COG-1 and DIE-1, respectively. 
Neurons have the ASE-L fate when DIE-1 levels are high and COG- 
1 levels are low (left paneD and the ASE-R fate when the opposite 
is the case (right paneD. (D) The classic example of the double- 
negative circut [as in (B)] governing the altemative lytic and 
lysogenic states of phage lambda. When the lambda repressor CI 
‘sat high levels, it represses the gene encoding the Cro repressor 
and genes involved in itic growth (left panel. Hence, the phage 
is held in the dormant, lysogenic state. Conversely, when Cro sat 
high levels, it represses the gene encoding Cl, and consequently 
‘genes imolved in lytic growth are freely expressed (right paneD. 
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complex. 

The olfactory receptor decision 
is made in a cell autonomous 
‘manner (22), but its mechanism 
remains poorly understood. A sim- 
ilar stochastic choice exists in the 
distribution of green (M) and red (L) 
cones in the human retina, which 
express the genes encoding M and L 
opsin, respectively. These two genes 
are located near each other (23). A 
unique locus control region (LCR) 
located upstream of both genes is 
required for their expression, but it 
can only activate one gene at a time 
(24, When the LCR connects to the 
L gene, the connection is stabilized 
and the cell becomes an L cone for 
the life ofthe cell: The M gene can- 
not be expressed. If the LCR asso- 
ciates by chance with the M gene, 
the M gene is expressed and the L 
gene is off (Fig. 3B). Given the 
diploid nature of mammalian cells, 
hhow does the cone cell ensure that 
only one gene (M or L) is expressed? 
‘The answer is that the LCR-L-M 
cluster is located on the X chromo 
some. Only one X chromosome is 
expressed in females because of X 
chromosome inactivation; males, of 
course, have only one X chromo- 
some. Interestingly, the system has a 
builtin way to control the propor 
tion of M/L cones: The gene closest 
to the LCR has more chances to be 
chosen by the LCR, 

‘A parallel can be made between 
the human and Drosophila color vi- 
‘sion systems. R7 color photorecep- 
tor cells exist in altemative states 
that either express ri or rhd, which 
encode rhodopsin molecules that are 
sensitive to different Ines of UV 
light. The rk3 and rhé genes are not 
clustered on the chromosome near a 
common LCR. Rather, the basis for 
stochasticity is attributed to the ex- 
pression of a transcription factor 
called Spineless (9). Somehow, the 
regulatory protein is only present 
in a subset of R7 cells and directs 
these cells to express rh rather than 
‘7h3. Just how Spineless becomes ex- 


pressed exclusively in a subset of R7 cells is 
not understood, 

‘What is the meaning of stochasticity in the 
choice of photoreceptor celis in the eye of the fly 
or of a human? Because the retina in these two 
very different eyes is composed of many photo- 
receptors of different types, stochasticity is a 
simple mechanism to distribute two kinds of pho- 
toreceptors (ina particular ratio) across large 
and to avoid repetitive patterns that might limit 
the ability of the eye to perceive comesponding 
pattems in the visual field. 


Nonautonomous Choices 
In the preceding examples, a cell decides its fate 
stochastically in a manner that is independent of 
other cells, In some cases, the choice the cell 
makes influences the fate of other nearby cells. 
Nonetheless, the original cell fate decision is made 
independently ofits neighbors. But not all stochas- 
tic decisions are cell-autonomous; sometimes 
the decision is the result of back-and-forth 
interactions between two (or more) cells. In 
animals, the simplest system of cell 
nonautonomous decisionmaking is 
the choice between the anchor cell 
(AC) and the ventral uterine (VU) ell 
fates in the nematode Caenorhabditis 
elegans (25), Two neighboring pre- 
ccursor cells ofthe gonad ean choose 
either fate. The two cells are the 
products of two parlle! lineages 
that arose from a common ancestor 
several divisions earlier. However, 
stall differences in the cell eyele of 
cells in these lineages lead one or the 
other of the two precursors to be 
bom first. The first-bom cell is 
‘biased to become the VU cell, but 
itdoes not make this decision alone. 
Rather, the decision-making pro- 
cess involves inhibitory lateral inter- 
actions between the two cells via the 
LIN-12 signaling pathway (known 
as the Notch pathway in fies and 
vertebrates) 

LIN-I2 is a receptor. lis ligand 


exhibits somewhat higher LIN-12 activity than its 
neighbor and hence has diminished levels of the 
LAG? fi 


of LIN-12 and yet lower leveis of ligand in the 
first cell (25). This sets up a self reinforcing cycle 
of lateral inhibition in which the firs-bom cell 
achieves higher and higher levels of LIN-12 and 
the second-born cell, not receiving any stimula- 
tion fom its neighbor, has lower and lower LIN- 
12 activity. High LIN-12 activity leads to the VU 
fate and low activity to the AC fate 

‘Lateral inhibition is also the basis for non- 
autonomous cell fate determination in the epider- 
is of Drosophila. One cell in a proncural cluster 
of equivalent cells becomes a neuroblast, and it 
‘must do 30 to the exclusion of all the other ces in 
the cluster, which become epidermal cells (3, 26). 
Flies use the same system as womns to achieve 
this (Fig. 4A). Notch is the LIN-12 equivalent in 
flies and its ligand is called Deita, the equivalent 
of worm LAG-2. The neuroblast fate arises sto- 
chastcally by transcription noise leading toa very 


LAG-2 stimulates the activity of the 
LIN-12 pathway, resulting in the 
production of additional LIN-12 
receptors. This causes the cell to 
become hypersensitive to the ligand. 
Meanwhile, high levels of LIN-12 
activity decrease the production of 
the ligand (Fig. 4A). Therefore, a 
cell that is activated for LIN-12 has 
diminished capacity to simulate its 
neighbor (25). As with the paradigm 
of bistable processes that are noise- 
driven, stochasticty in birth order 
(developmental noise) tips the 
switch in one direction or the other. 
This bias is then amplified and 
locked in by lateral actions between 
the two cells. The first-bom cell 


aS 


Fig, 3. Celtautonomous cell fate decisions. (A) Cell-autonomous 
stochasticty in a mouse olfactory neuron. The neuron expresses 
‘one olfactory receptor gene (red) to the exclusion of all others 
(blue, brown, dark or light green, yellow, or pin, including the 
other allele of the “red” gene. The olfactory neuron somehow 
instructs its target neuron in the olfactory bulb of its choice 
‘ashed arrow. (B) Cell-autonomous stochasticty in an Old 
‘World primate color vision cone photoreceptor. The choice of a 
cone photoreceptor to become M (green-sensitive) or L (red- 
sensitive) depends on the ability of a single locus control region 
(LCR) located upstream of the L and M genes to contact one of 
the two genes. If the LCR contacts the Mi gene, the cone becomes, 
‘an M cone, and similarly for the L gene. This ensures that only 
‘one gene is expressed in each cone. AS the LCR-MHL cluster is 
located on the X chromosome, only one copy is present in males 
and only one is active in females because of X<chromosome 
‘inactivation. 
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small increase in the capacity of one cell in the 
cluster to produce more Delta and hence stim- 
ulate the Notch pathway a litle more in all ofits 
neighbors. This signaling stimulates Notch pro- 
duction in the neighbors, increasing their sensi- 
tivity to Delta and, as in the AC/VU example, 
setting up a self-reinforcing cycle (Fig. 4). 
Meanwhile, the cell that, as a result of noise, 
exhibited an elevated capacity to signal attains 
a state of low Notch activity and hence be- 
comes a neuroblast, Each cell in the cluster is 
competent to become a neuroblast, because kill 
ing the neuroblast—and thereby relieving lateral 
{inhibitory signaling—allows another random cell 
to start the bistable loop again and to adopt the 
neuroblast fate (3, 26). 

‘An equivalent example of cell-nonautonomous 
decision making isnot known in bacteria. But the 
phenomenon of “cannibalism” combines stochas 
tic decision-making with reciprocal intercellular 
{interactions (27). When grown under conditions 
of nutrient limitation, B. subtilis enters an elab- 
orate developmental process that culminates in 
the formation of a dormant spore, Entry into 
sporulation is governed by the regulatory protein 
‘SpoOA, whose activation is govemed by a bi- 
stable switch (28). Thus, only some cells in the 
population (about half) are ON for SpoOA and 
the others are OFF. The Spo0A-ON cells produce 
toxins that Kill the SpoOA-OFF siblings. The dy- 
ing siblings, in tum, release nutrients that limit 
furher Spo0A activation in the Spo0A-ON cells, 
thereby arresting sporulation or even reversing it. 
‘This phenomenon can also be interpreted as bet- 
hedging: Uncertain as to whether they are expe- 
rencing a temporary shortage of nutrients or the 
‘onset of a prolonged famine, the bacteria stall for 
as long as possible before committing to spore 
formation, even a the expense of fratrcide. In the 
reinforce altemative cell fate decisions. By con- 
trast, in the cannibalistic bacterial system, the re- 
verse is tue, as the remaining cells are delayed in 
committing to the spore fate. 


Bistable-Like Switches That Are 
Hard-Wired by Upstream Events 

Not all switches that exist in altemative stable 
Sates are driven by noise. Hypersensitive switches 
that include loops ean also be used to lock a cell 
{nto one or another fate, but the decision is not 
left to chance. This is often the case when the 
deterministic signal is very weak and needs to be 
reinforced. For instance, in the fly eye, the pho- 
toreceptors R3 and R4 are derived from seem- 
ingly identical cells. Once again, competition for 
Notch activation leads toa critical distinction be- 
tween the R3 or R4 fates, and this distinction is 
cucial to promote the comect orientation of the 
‘ommatidium (29). However, in each of the 800 
‘ommatiia, it is always the cell closer to the equa- 
tor that becomes R3, the polar one becoming R4 
(Fig. 4B). This is because gradients of signaling 
proteins (eg., Wnt) that drive the decision to the 
4 fate are superimposed on circuitry that, in 
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other contexts (e.g. the choice 
between VU and AC fates in 
‘worms; neuroblast commitment 
{in fles), isnoise-driven (29, 30). 
‘The Wnt protein is at its highest 
concentration at the north and 
south poles and at its lowest at 
the equator, Interestingly, it is 
not the absolute value of Wnt 
that matters, Rather, it is the 
relative difference in the level of 
signaling perceived, directly or 
indirectly, between the precur 
sors of R3 and R4 that determines 
the outcome (29). Thus, for each 
ommatidium, the precursor cell 
closest to the pole (where Wnt 
levels are higher) becomes R4, 
and the one closest to the equa- 
tor (where Wnt is elatively low- 
er) becomes R3 (Fig. 4B). 
‘Another example ofa bistable- 
like switch in which the outcome 
{is hard-wired isthe establishment 
of left-right asymmetry between 
the two neurons (ASE) that sense 
either Na” or C1 in C. elegans 
(ZS). The switch consists of a 
complex regulatory loop in which 
aa mictoRNA (miR-273) inhibits 
translation of the mRNA for a 
transcription factor (DIE-1), which 
itself tums on the synthesis of 
another microRNA ({sy-6) (Fig. 
20), Closing the loop, by+6 blocks 
‘the synthesis of the transcription 
factor (COG-1) that is responst- 
‘ble for directing miR-273 syn 
thesis The left and right fates of 
ASE are specified by DIE-1 and 
COG-1, respectively (Fig. 20) 
‘The ASE switch has the same 
logic as the double-negative 
Joop that governs the altemative 
lytic and lysogenic states of 
phage lambda (Fig. 2D). Thus, 
‘when COG-1 is ON, the synthe- 
sis of miR-273 blocks the 
production of the transcription 
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Fig. 4. Cell-nonautonomous cell fate decisions. (A) Lateral inhibi- 
tion by the Notch (LIN-12) regulatory system in which a stochastic 
decision by one cell prevents its neighbor(s) from making the same 
decision. Two neighboring epidermal cells of Drosophila stat with 
the same potential to become neuroblasts, both initially exhibiting 
low Notch activity (N“*) (left panel). Variations in gene expression 
in the precursor cells lead one cell dark pink nucleus) to increase 
[production of the Notch ligand Delta (red lollipop) and to decrease 
‘rocluction ofthe Notch receptor (blue (right paneD. This asymmetry 
sats in mation a self-reinforcing cycle in which one cell (N7) becomes 
less and less sensitive tothe Detta igand and more and more active in 
producing ligand, whereas the other cell (N***) becomes more and 
more sensitive to Uigand but less active in producing it The N° cell 
becomes a neuroblast while the N*** cell remains an epidermal cell 
(B) A Notch-Detta regulatory setch that is biased in one direction by 
gradients of signaling molecules. Two neighboring photoreceptor cells, 
3 and RA, in the fly compete asin (A) to acquire their cell fate. High 
"Notch leads tothe Ré cell fate; low Notch leads to the R3 fate. Pairs of 
FGIRA precursors are in a gradient of a signaling molecule (es, 
Wingless, green). In each pair, the cell positioned at the polar side 
receives more signal than its more equatorial neighbor, thus biasing 
it t becoming R4. The decision is then reinforced by lateral ini- 
bition; all equatorial cells become R3 and all polar cells become RA. 


factor (DIE-1) for the opposite cel fate (Fig. 2C), 
Jjustas one lambda repressor blocks the synthesis 
of the other repressor. Conversely, when DIE-1 is 
ON, it determines the right-hand fate and induces 
‘the synthesis of fsy+6 that prevents the accurmu- 
lation of the transcription factor COG-1. In 
Contrast to the stochasticity that drives the phage 
lambda double-negative loop, the choice be- 
tween the left-hand (ASE-L) and righthand 
(ASE-R) fates is instructed by the lineage of 
the two neurons; ASE-R is always on the right 
and ASE-L always on the left (15). 

Why, then, have a system that resembles a 
bistable switch? Pethaps the ASE system derives 
fom an ancestral worm that made the choice be- 
tween the right-and left-hand fates stochastically. 


If so, only half of the ancestral animals would 
hhave had both ASE-R and ASE-L. If having a 
given neuron on the left, oron the right, proved 
‘advantageous, the system might have evolved 
through “genetic assimilation” into directional 
asymmetry, in which itis always the same cell 
type that is on the right, and the other on the left 
(GD. Even though upstream signals dictate the 
‘outcome in the contemporary nematode, the cir 
ccuitry of what once was a noise-driven switch 
‘might have been maintained in evolution as a 
‘way to lock in the decision robustly. 


Conclusions 
‘Most organisms exhibit characteristics that are 
reproducibly inherited from generation to gener- 


ation, which strongly implies that development is 
hard-wired. However, certain developmental deci- 
Sons are ef to chance, sometimes out of necessity 
(when the choices are too many to be tightly 
controlled), or sometimes when it benefits the 
community to hedge its bets, In yet other eases, 
particular developmental outcomes are imposed 
fon systems that are otherwise intrinsically sto- 
chasic. Nature knows how to make deterministic 
decisions, but, in contrast to Einstein's view of 
the universe, she also knows how to leave certain 
decisions to a roll of the dice when itis to her 
advantage. 
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Bats Limit Insects in a Neotropical 
Agroforestry System 


Kimberly Williams-Guillén,** Ivette Perfecto,” John Vandermeer** 


portant ecosystem service that facilitates 
‘agricultural production (J). Several experi 
‘ments in natura and managed ecosystems demon 
strate the importance of avian predators in arthropod 
control (2). Although insectivorous bats are ex- 


T= limitation of herbivores is an im- 
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and for an 8-week period beginning June 2007 
(wet season. 

Exclusion of birds and bats resulted in sig- 
nificant increases in total arthropods on experi- 
mental plants, although a significant amount of 
‘variation was also explained by foliage biomass 
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solute density of bats versus birds; however, at our 
Ste the capnure rates (and presumably abundance) 
and reproductive activity of bats increased during 
the wet season. Bats’ relatively higher surface 
area may resuit in greater heat loss and concom- 
tantly higher energy requirements (5), and 
reproduction increases females” energetic needs; 
thus, increased bat abundance and reproduction 
fn the wet season may result in an increased 
Jmpact of bat predation on understory arthropods. 
Our results are consistent with arguments 
that functional diversity is central to the main- 
tenance of ecosystem services (6). In this case, 
the presence of these two vertebrate taxa main- 
tains a functional difference that enhances the 
efficacy of arthropod reduction, Previous exclo- 
sure studies have not 
differentiated between 
urna) and nocturnal 
predators, attributing ob- 
served changes to birds. 
We suggest that these 
studies of the impacts 
of “bind” predation may 
hhave underestimated the 
importance of bats in 
limiting insects Bat pop- 
ulations are declining 
‘worldwide (7), but mon- 
itoring programs and 
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per 100 leaves across all counts. WV = 88 for each season. 


pected to have major impacts on arthropods (3), 
few studies have quantified the effects of bats on 
standing crops of arthropods. Because all previ- 
ous exclosure-based studies of avian insectivory 
have left exclosures up during the night, it is 
possible that a proportion of predation attributed 
to binds may represent predation by foliage gleaning 
bats. Here, we report an exclosure experiment 
conducted in a Mexican coffee agroforest, in 
which we directly measured the impact of pre- 
dation by foliage-gleaning birds and bats on ar- 
thropods found on coffee plants. 

We used exclosures made of agricuinral net- 
ting erected around individual coffee plants in 
Finca Irianda, an organic shade coffee plantation 
harboring abundant populations of 2120 bind 
species and >45 bat species. We established 22 
blocks of four treatments: birds-only excluded 
(exclosure netting in place only during the day), 
bats-only excluded (netting in place only during 
the night), both excluded (netting in place day 
and night), and contro! (no netting). We visually 
censused noncolonial arthropods (primarily 
insects, but also spiders, harvestmen, and mites) 
on all plants at the beginning of the experiments, 
every 2 weeks thereafter, and at the end of the 
experiment. We conducted the experiment for a 
“T-week period beginning January 2007 (dry season) 


and initial arthropod density (table SI). On 
average, total arthropod densities on plants from 
‘which both predators were excluded were 46% 
hhigher than those observed on control plants. 
‘There was a clear seasonal effect with regard to 
bats: Although bats did not have significant ef: 
fects on arthropod densities in the dry season, 
‘their impacts were highly significant in the wet 
‘season, with an 84% increase in arthropod den- 
sity in bat-only exclosures, exceeding the effects 
of binds (Fig. 1). In neither season was there a 
significant interaction between bats and birds, 
indicating an additive effect. Regardless of sea- 
son, arthropod densities increased the most on 
plants from which both birds and bats were ex- 
‘cluded (Fig. 1). These seasonal and additive pat- 
‘tems held for various arthropod taxa (table $2), 
although only birds significantly reduced spiders. 
Although predator exclusions resulted in increased 
arthropod density, no significant differences were 
‘seen between treatments in the prevalence or the 
intensity of leaf damage. 

‘At our site, bats were as important as birds in 
regulating insect populations across the course of 
the year. We suspect that increased impacts of 
birds inthe dry season may result from an influx 
of insectivorous overwintering migrants from 
‘North America (4). We have no data on the ab- 
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‘1. Mean number of arthropods + SEM per 100 coffee leaves in four exclosure treatments in (A) dry season and (B) wet 
season. “Both” indicates birds and bats excluded (); “Birds,” only birds excluded (); “Bats,” only bats excluded (¢); and 
“Control,” no predators excluded (0). Numbers after treatment name in legends indicate mean number of arthropods + SEM 


8722/07 conservation plans for 


bats lag far behind 
those for birds. Declin- 
‘ing bat populations may 
compromise critical eco- 
system services, making 
an improved understanding of their conservation 
status vital 
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Bats Limit Arthropods and Herbivory 
in a Tropical Forest 
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ats are diverse and abundant insectivores 

‘that consume many herbivorous insects 

(2) Insect herbivory, in turn, constrains 
plant reproduction 
and influences plant 
diversity and dist- 
bution (3). Howev- 
ef, the impact of bat 


plants, and noctumal exciosures had a significant- 
Iy stronger effect than diumal exclosures (table S1 
and Fig. 1A) [repeated measures generalized linear 


BREVIA [ 


and indirectly reduces herbivory. We also show 
that the ecological effects of insectivorous glean- 
ing bats can be considerably stronger than 
those of birds. Our estimates of the direct and 
indirect impacts of both groups are likely con- 
servative because ()) predation away from ex 
closures also reduces herbivory (2), (3) very large 
arthropods may have been excluded along with 
bats and binds, (ii) predatory arthropods in the 
exclosures may have mitigated the effect of 
bird or bat exclusion (table $1), and Gv) top- 
down reduction of herbivory may be greater in 
the more-productive 
forest canopy (5). 
Gleaning insectivo- 
ous bats are common 
in tropical and temper- 


ineatvery on plants 12. Fe ate lowland forests; 
hasneverbeen stud- 4 G12: thus, it is likely that 
ied. Previous studies. = bat predation of her 

measuring top-down = 3 bivorous insects re- 

reduction of insect g Ze duces herbivory in 
herbivory focusedon 3 = the temperate zone as 
binds (4-6) but ac. 8 3 well (7) Given their 
tually measured the § & ccological importance, 
combined impact of 54 ‘ats shouldbe inciuded 
binsand bats because © 2 2 jn future conservation 
predator exclosures plans aimed at pre- 
‘were left in place day . . serving the integri- 
and night. Partition- y of tropical forests 
ing the effects ofeach Fig. 1. (A) Mean number of arthropods per m? per census. (B) Mean herbivory as percent of total leaf area. and also considered in 
predator group ises- White bars represent controls (birds and bats present; yellow bars, diumal exclosures (birds absent and bats agricultural manage- 
sential for both basic present); and blue bars, nocturnal exclosures (bats absent and birds present); *P < 0.05 and **P < 0.005 ment strategies based 
ccological questions, — 2Ccording to Tukey's HSD. (C) A bat (iticronycteris microts) consuming a katydid, Barro Colorado Island, on natural pest control 
suchas the topdown Panama. Photo: C. Ziegler Co. 


‘maintenance of trop- 
ical diversity (3), and applied studies, such as 
the biological contro! of agricultural pests (2, 
‘We experimentally separated the ecological ef- 
fects of insectivorous binds from those of in 
sectivorous bats in a tropical lowland forest in 
Panama, 

‘We covered plants with mesh exclosures that 
emitted access to arthropods but prevented binds 
or bats from gleaning them off of the plants 
However, we left our exclosures in place only 
during the day or night, allowing us to compare 
arthropod abundance and herbivory on plants in- 
accessible to bats (noctumal exclosures, N= 42), 
plants inaccessible to birds (diurnal exelosures, 
N= 35), and uncovered controls (V= 43) in a 


randomized block design using five common un 
derstory plant species. We visually censused ar- 
thropods throughout the 10-week study to test the 


birds) on insect and other arthropod abundance 
‘and. measured leaf damage incurred during the 
study to test the indirect effect of treatment on 
hesbivory (7). 

Nocturnal (bat) and diumal (bird) exclosures 
cach directly increased arthropod abundance on 


all Tukey's honesly significantly different (HSD) 


‘P<0.05]. Control plants averaged 4.9 +0:7 (SEM) 
anhropods per m” of leaf area per census; bird- 
exclosed plants, 8.1 + 1.0; and bat-exclosed plants, 
124 1.6. Noctumal and diumal exclosures also 
cach indirectly increased herbivory, and noctumal 
exclosures again had a significantly stronger ef- 
fect than diumal exclosures (Fig. 1B; univariate 
GIM teatment Fe 75~ 4189, P<00001, all Tukey 
HSD posthoc pairwise comparisons between treat 
ments P< 0,005), Control plants averaged 43 

0.8% leaf area lost to herbivory; bird-exciosed 
Plants, 72+ 1.6%; and bat-exclosed plants, 13.3, 

21% (. 

‘Treatment effects on both arthropod abun- 
dance and herbivory were consistent across plant 
species, and potential confounding variables such 
as light intensity, number of new leaves emerged 
during the study, and total leaf area neither dif- 
fered between treatments nor interacted with 
treatment in either GLM (7). 

Our data suggest that bat predation both 
sGrectly reduces arthropod abundance on plants 
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Aztec Arithmetic Revisited: 
Land-Area Algorithms and Acolhua 
Congruence Arithmetic 


illiams* and Marfa del Carmen Jorge y Jorge”* 


Barbara J. 


Acolhua-Aztec land records depicting areas and side dimensions of agricultural fields provide insight 
into Aztec arithmetic. Hypothesizing that recorded areas resutted from indigenous calculation, in a 
study of sample quadrilateral fields we found that 60% of the area values could be reproduced exactly 
bby computation. In remaining cases, discrepancies between computed and recorded areas were 
consistently small, suggesting use of an unknom indigenous arithmetic. In revisiting the research, we 
discovered evidence for the use of congruence principles, based on proportions between the standard 
linear Acolhua measure and their units of shorter length. This procedure substitutes for computation 


with fractions and is labeled “Acolhua congruence arithmetic.” The findings also clarify variance 
between Acolhua and Tenochca linear units, long an issue in understanding Aztec metrology. 


he largest extant corpus of indigenous writ 

ten data pertaining to native artmetic in 

the Americas is of Aztec origin. Two pic- 
torial mamiscripts, the Cédice de Santa Maria 
Asuncién (2) and the Codex Vergara (2), teat an 
important bookkeeping matter in Aztec imperial 
society, that of measuring and recording houschold 
landholdings for tbute and other purposes. In an 
{nial study of these codices, Harvey and Williams 
(3) demonstrated that Aztec property descriptions 
{included the concept of areal as well as linear 
‘measures, but they did not pursue the question of 
how the area values might have been determined. 
We addressed this issue in a partial study of the 
Codex Vergara (4), finding that recorded areas 
for ~60% of the sample quadrilateral fields could 
be obtained by Length times Widih and Surveyors? 
Rule algorithms. Although exact reconded areas 
‘were not obtained in the reschal cases, discrep- 
ancies were consistently small, suggesting am 
unknown indigenous calculation procedure. Here 
‘we report findings from an expanded and more 
detziled analysis of the Codex Vergara, using etic 
(Cultural outsider) and emic (cultural insider) per- 
spectives (5) The etic analysis (famed by modem 
mathematics reflecting an outsider’s view of Aziec 
culture) concems evidence for land-area calcu 
lation with algorithms and computation with 
fractions. The emic analysis (framed by concepts 
with meaning intemal to Aztec culture) focuses 
on interpreting indigenous knowledge and proce- 
dures embodied in metrological categories. ex- 
pressed by surveyors and painters in their writings. 
‘The results show pattems suggesting principal 
logical components of Aztee surveyor metrology 
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and computation, Furthermore, the new analysis 
Provides an important independent basis to 
Interpret and clarify offen confusing Colonia 
period Spanish and Nahuatl alphabetic texts. 

Data. Of the extant indigenous land docu- 
ments, many pertain to the Basin of Mexico, 
hearland of the Aziec empire constituted by a 
confederation of three powerful kingdoms (6) 
When interpreting these mamuscripts, it is im- 
portant to distinguish between two distin “Aztec” 
cultural traditions present at European contact, 
that of the Tenochca (Mexica) of Tenochtitlan 
and the Acolhua of Texcoco. Each produced 
land documents that are somewhat different in 
graphic style (7), in tum reflecting underlying 
vvarations in metrology. 

‘The Cédice de Santa Maria Asuncién and the 
Codex Vergara are Acolhua pictorais depicting 
land and population records for two wards in 
Tepetlaozioc, an Azter-period city-state 6 km 
northeast of Texcoco in the northeastem Basin, 


ILI ts 


‘Together they record over 2000 drawings of 
agricultural properties pertaining to households in 
16 named communites as they existed around 
1540 w 1844 CE. Below we summarize the 
records, which are described and analyzed in 
greater detail elsewhere (8) 

‘Milcocolli and dlahuelmanti drawings. Agr- 
cultural fields of each propeny holder are de- 
picted twice, once with field sidelengths in a 
section labeled milcocoll, and again in a section 
labeled dafuelmanti, which records field areas. 
Milcocolli drawings are either quadtilaterals of 
inregular, offen many-sided polygons. On each 
field side, painters indicated sdelength distances 
fn standard linear measures with number glyphs 
Gig. 1). The Acolhua did not express the stan- 
ddard unit glyphically, but Nahuat] texts attest that 
it was the dalquahuitl, hereafter referred to a8 
“land rod/s” (1) (9), Acconding to the Acothua 
native chronicler Alva Ixilxochil (20), this mea 
sure equaled three Spanish varas (taken here to 
be 0.83 mx 3, ~2.5 m), Sometimes a glyph for 
aarow, heart, or hand follows the standard “Iand 
rods.” These refer to a distance remaining on a 
field side that is shorter than one “land rod.” We 
label them “monads” because they are neither 
subdivided nor do they appear as multiples. No 
more than one monad glyph occurs on the same 
field side (1). 

Olher than sdelengths, the milcocolli sections 
in the codices provide litle data relevant 0 etic 
smalysis of area calculation. The properties are not 
dawn to scale, and we find no direct evidence of 
angle measurement. If other measurements such 
as height and trimgular subdivisions of quacki- 
laterals were made (which we suspect), they were 
not reconded in these codices. 

Tn the Hlahuelmandi registers, area values in 
square “land rods” (T°) are framed by an ab- 
ssract rectangle, usually with a protruding tab in 
the upper right comer. The frame provides three 
places in which to register numbers in base-20 
positional notation. The values of the number 


Fig. 1. Paired drawings of perimeter dimensions (milcocol’)and RAs (tahuelmanti) of fields in the Codex 
Vergara. Sidelengths are in standard “land rods” (7); lines equal 1T and solid circles equal 20T. Monad 
unis shorter han 1 are reesrted by hac, bart. and arow apts neo ths (arom) appr 
‘Abstract frames record RAS nT. Lines in the upper right tab equal 27, tines on the bottom margin and in 
‘the center equal 207°, solid circles equal 400T°. (A) The RA = 210T°, computed exactly by multiplying 
length times with with ACA for 2 anows = IT (Loc. 1-142). 0 sep he Suen? Rule and ACA for 5 
hearts = ZT yields the RA of 128T° (Loc. 1-73). (Q The RA of 492T° is obtained by using ACA for 5 hands = 
37 and the Surveyors’ Rule (Loc. 2-30). Besides number symbols, drawings usually display a soil glyph in 
the center, and on the top margin of abstract frames a comcob glyph flags areas less than 4 
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glyphs depend on their placement within the 
frame line (Fig. 1). Monads do not occur on any 
Wahwetmantli drawings, signifying that area 
values were recorded only as T* integers 

Method. We examined the 408 milcocolli 
quadrilateral fields of all five Codex. Vergara 
localities and eliminated 41 from further con- 
sideration as detailed in table SI. The resultant 
Vergara database consists of 367 milcocolli and 
matching tlahuelmantli fields (90% of the 
quadrilateral universe). In our calculations (table 
82), field sides are labeled a, 6, ¢, and d pro- 
ceeding clockwise from the left side of each 
quadrilateral. Given idelengths in “land 
rods,” we tested area algorithms from simple to 
complex (ranked by the number of operations 
required) and compared our computed area 
(CA) with the Acolhua recorded area (RA). Ini- 
tially we ignored monads and used only integer 
sidelengths. A test algorithm was deemed 
successful if the error (E) = 0 (E= CA — RA) 
If test algorithms failed, we sought new rules by 
selecting the factors that could reproduce the 
RAs resulting from their prime number decom- 
position. If these two procedures failed, in a final 
step we integrated monads into calculations. 

(Our method presupposes that surveyor ar- 
‘thmetic was practical, simple, and efficient. Faced 


with procedural choices, we presumed that sur- 
vveyors tended to use rounding in order to work 
with imegers of standard linear distance, and 
that they utilized algorithms that squared-up field 
shapes or balanced one operation with another. 
‘Anecdotal evidence suggests such practices are 
quite natural, and they are readily observable in 
everyday measuring procedure. 

‘Acolhua area algorithms. We obtained most 
Acolhua RAS by applying one of five area al- 
gorithms. The most frequent, and least complex 
arithmetically, is multiplication of two adjacent 
sides (Rule 1). Nearly one-thint of the quadri 
laterals in the Vergara database have adjacent 
Sides measuring either 20T by 20T or 20T by 
10T (w — 108 of 367). For all of these fields, 
‘multiplication of adjacent sides yields the exact 
RA, suggesting thatthe field side angles are 90° 
and that the field shapes approximate squares 
and rectangles. For inegular quadiilaterals, where 
length is defined as side a or ¢, and width as 
Side 6 or d, multiplication of a set of adjacent 
sides also may produce E = 0. More complex is 
a related algorithm in which RAs are obtained 
bby mmltiptication of the average length of one 
setof opposite sides by an adjacent side (Rule 2), 
thus introducing the operations of addition and 
division. 


Table 1. Calculation examples of algorithms yielding Acolhua recorded areas. 


idelengths 


Field i.” a,b,¢ din = aa 
“and rods” and monadst bis: 
‘Multpication of two adjacent sides 
1207-31 204ht 19 ¥hd 2Z0eH 19+a 380 
3507 GL 
‘Average length of one pai of opposite sides times on adjacent side 

amas aS ASL xR 4 AOI 

S22 S258 wR S22 4 13ND =52 x IT = 88H 

SMS31 4000 8 D7 83227 x 4 24ND = IT x 16 = 432 

Surveyors’ Rule, A= (a + 02 xb + V2 

S421 2603230058826 4 30 XGZ+1OI2= 
26 x 21 = 588 

S464 23S thd Bhd BIZ @B42S!Dx AS + UIA= 
24x13 =312 

rer a Cr eT 9 126 
(10 + 992 = 95rd = 
9,14 x9 = 126 

Triangle Rule A = (0 x BYE + (¢ x 2, or (a x dV2 + 6 xO2 

221d 8S Ba 65H KAN =ZWSU= 22, 
5 x 82 = 140, 
226 + 140 = 36 

2306 46S RA KIM Bax ZSVE= 
192 + 300 = 492 

53490 Ta a BK WI FAX ATIZ= 
298 + 329 = 623 

Plus-minus Rule, one sidlength +2 oF +2 times another sielength -1 or ~2 

11062 16 8G 7 26 6-2 x7 42) 

5930 18 193s 2529-4 D 
18 x 14 = 252 

97 4 6 OB 6 4 Dx G-D=15x5=75 


“Field: locaiy number 1 wo 5-fidd umber conseative within loclEy- household number conseastive within Wcaiy. 


4Sidelengthe clack 


le fed margin, monads: 2, arom; ht, hear: hd, hand represent 


ces shorter than 


‘Pllonads are mot required i these comprations. Abbreviations ry, round upto intager, round down ‘0 meget 
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If these algorithms failed to produce the RA, 
wwe then applied the Surveyors’ Rule (Rule 3), a 
method of area computation used by Sumeri- 
ans and later by Romans (12, 13). It approximates 
quadrilateral area by multiplication of the aver- 
age lengths of opposite sides: A = (a+ c)/2 x 
+ a2. 

‘Some Acolhua RAs are prime numbers (n= 
17), These can result only if area computation 
couples addition or subtraction with multiplica- 
tion operations; otherwise, multiplication in- 
volves a fractional number. In analyzing primes, 
it became apparent that some RAs of quadri- 
laterals with unequal sides are obtained by what 
we call the Triangle Rule (Rule 4). In this pro- 
cedure, a given quadrilateral is divided by a di- 
agonal, whereby the quadrilateral area equals the 
sum of half the product of adjacent sides: 4 = 
ab/2 + ed2, or A= ad" + bc!2, using the right or 
Jeft diagonal, respectively (14). 

Prime mumber decomposition also reveals that 
some areas are derived by adding/subtracting the 
same unit (IT or 27) tovfrom adjacent sides and 
multiplying the modified sidelength numbers. 
Operations with this Plus-mims Rule (Rule 5) 
balance each other, and although not always, tend 
to square-up field shapes. Finally, a category of 
‘miscellaneous rules applies to a small number of 
fields where areas are obtained with low frequen- 
cy or unique algorithms (see sample calculations 
for Rules 1 to 5 in Table 1 and miscellaneous 
rules in table S2) 

‘Whether our methods successfully reconstruct, 
Acolfua area algorithms is debatable, because at 
present we lack indigenous worksheets or other 
evidence of Acolhua calculations “in progress.” It 
is noteworthy, however, that usually only one al- 
gorithm resus in E = 0 for a given set of side- 
lengths. For example, the Triangle Rule gives the 
same results as the Surveyors’ Rule only if one 
pair of opposite sides is equal. Similarly, when 
applying the Length times Width Rule to imeg- 
ular quadsilaterais, mutipication of each possible 
set of adjacent sides offen results in large var- 
ances in area values. Thus, exactly obtained RAs 
strongly suggest that our computation method is 
the same as (or functionally equivalent to) in- 
digenous arithmetic procedures. 

‘Monads, Acolhua congruence arithmetic, and 
‘metric equivalents. Using sidelength integers, we 
obtain exact RAs for 218 fields with the five de- 
scribed algorithms and miscellaneous category 
(able 2). in many other instances (n= 69), our 
results closely, but not precisely, match those of 
the Acolhua surveyors. These small discrepancies 
between RAs and CAs appear to relate to the use 
of distance monads. 

Arrow: Cemmitl. We achieved the RAs for 
‘most quadrilaterals without considering sidelength 
monads; therefore, we expected that Acolhua 
surveyors did likewise. One special field, how- 
ever, demonstrated otherwise. A rectangle with 
length 207 and width 107 plus an arrow has a 
RA of 210T°, which is exactly obtained by 
ascribing a value of OST to the arrow monad: 
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RA=20T « 10.5T=210T* (Fig. 1A). This case 
provides empirical indigenous evidence, later con- 
finned by many other RA computations, that 
the arrow in the Tepetiaaztoc data has a value 
of “land rod.” The computationally derived 
value is consistent with dictionaries and 
Colonial-period land documents in which an 
amow glyph, or its gloss cemmil, is often 
translated into Spanish as media de fa braza, 
‘Ya standard linear measure” (15). The 
relation between arrows and “land rods” thus 
defines a 2:1 proportion; that is, if a is arow, 
then 2 ¥ a= IT (Fig. 2). This proportion is 
used to compute areas, just as in an analogous 
way congruence classes are found if (2 * 
arrow) were the modulus (6). In other words, 


for the above-mentioned rectangle, the RA is 
calculated as 


RA=20T x (10+a)T 
200T° + (20 x a)T™ 
200T° +10 x (2 x a)T™ 
(200+ 10)T* 


2101 a) 


This type of computation we cal! “Acolhua 
congruence arithmetic” (hereafter ACA). 

‘The 2:1 proportion of arrows to “land rods” 
also applies in a different and very important 
‘operational context. For example, one field has 
sidelengths of 13, 7, 12, and 6: No monads 


Monad Glosses Proportion Fractional Metric 
glyphs ‘ofmonads equivalent equivalent 
in Acolhua Nahuatl to standard of 
land documents “land rods” (IT equats 
ful 25m) 
eo ‘Cenyollotli 5:2 2/5 1.0m 
saci 
Haat Cemomitl 5:1 5 osm 
H sti 
; ae ae a 
jootl si 
| fe | Cemmitl 2:1 v2 125m 


Fig. 2. Acolhua equivalences inferred from computation of RAS. Illustrations of hand, heart, and 
arrow are from (2). Bone and arm from (17) are tentatively proposed lyphic referents for 


proportions 5:1 and 3:1. Altemate reading of th 


ie arm glyph may be cenciacatl (21, 22). 


Table 2. Quadrilateral frequency where CA = RA, by algorithm. 


Conputtion Computation repition mans 

suerte sR as a iat aoa 

Tule Matin oo Fr 
adjacent sides 

Rule 2: Average length of one pair of 9 4 3 1 °o 4 2 
oppose Ses tesa jet ie 

Rule 3: Surveyors’ Rule 33 yo 8 1 3 5 & 

Rule 4: Triangle Rule 6 6 4 1 ° ° vu 

fut 3 Pas ins le a a a 

Rule 6: Miscellaneous, unique, or ty 6 os 2B oO 
low-frequency algorithms 

teats Nera dus m6 ay te 
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sae depicted in the perimeter (Loc. 4, 43), The 
aca by the Surveyors” Rule is (137 + 12T)2 
(7T + 6Ty2 = (12ST) * (6ST) = 81.25T°. The 
RA of 817 results by including 0.ST in the cal- 
culations and rounding down, In ACA the area is 


(BT +121)/2 
RA 


27 +a(70 + 6T)/2 

oT +a, 

12+a)T x 6 +a) 

(72+ 18xa-+axa)T” 

~TEP +9 x (2xa)P +axa~(72+9)T° 
=siT? 2) 


Because Acolhua areas were recorded only 
as T° integers, the a” term is dropped. Even 
though perimeter sidelengths did not include 
arrows, this example and others provide direct 
evidence that a proportion of 2 arrows = 1T 
‘was used arithmetically in computation (ce 
sample calculations with monads in Table 3 
and table $2). 

Heart: Cenyolloli. Evidence that Acolhua 
surveyors used an amow when averaging side- 
lengths clarifies possible derivations of other in- 
genous area values. One frequent!y replicated 
pattem is illustrated by a quadrilateral whose 
Sidelengths are 20, 7, 20, and 6 and RA= 1287? 
(Fig. 1B). According to the Surveyors’ Rule, area 
& QUT +20T)2 « (7T+ 61)2 = GON) « 6ST) = 
1307", However, the RA is obtained exactly by 
multiplying 20T by 64, instead of 6ST, As- 
suming 04T (7:T) represents a monad other 
than an arrow, of the two other monads depicted 
in field perimeters—hearts and hands—the heart 
is the likely pictograph, because in other sources 
it is similarly defined as % of a draza, Apply- 
{ng a proportion of $ hearts to 2 “land rods,” 5 x 
ht where ht is heart, in this case ACA for 
the RA is 


(20r+207)/2 
RA 


OT. (7T + 61) /2 
Tf a— Or +h, 
20T x (6+ ht)T 
207° +20 x tT? 


207? + 4 x (Sx h)T? 
12044 x 2) 
(287° 3) 


Hand: Cemmatl. When averaging, in some 
cases substitution of 0ST by 0.6T yields the 
RA. Assuming 0.67 is also monad, it would be 
Jonger than an arrow and probably corresponds 
to the hand glyph, the other of the three monads 
depicted in milcocolli perimeters. The hand giyph 
usually is transiated into Spanish as a braza de 
medir, “a unit of measure.” However, the hand 
giyph does not symbolize the standard land 
measure in the Tepetiaoztoe codices because the 
hand is depicted rarely and is placed at the end 
of the circie-and-tine mumber sequence denoting 
“Jand rods” Rather, hd = 0.61 = }6T, where hd 
is hand. A proportion of S hands equal 3 “land 
rods,” (5 * hd — 31), applies for example in a 
quadrilateral whose sidelengths are 24, 16, 25, 
24 and RA ~ 4927? (Fig. 1C). The Surveyors* 
Rule gives 247 + 25T)2 » (I6T + 24T)2 = 
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Table 3. Examples of algorithm calculations with monad ACA where CA = RA. 


Sidelengths a, b, cd 
esas shea 4 Recorded Calculated area 
Field id.’ in (1) “land rods” and eat wr 


monadst 


cemmatt: 5 hands = 3 “land rods” 
3.265 1” 20 a8 20 372 Surveyors’ Rule 
(19 + 18/2 = 18 + a~ 18 + hd, 20 x (48 +h 
360 + 4x(Sxhd) = 360+ 4 x 
3.865 15 2 pu 34 470 Triangle Rule 
255, (25x12 = 25x(6 + a) ~ 25%(8 + hd) 
200 + 25xhd = 200 + Sx(Sxhd) = 200 + 5x3 
= 215, 255 + 215 = 470 
51202322 v7 9 8 350 ‘Average of one pair of opposite sides times an adjacent side 
(22 + 19/2 = 20 +a ~ 20 + hd, 17%(20 + he) = 340 +3x(5xhd) + 
2xted = 340 + 3x3 + 2xhd = 349 + 2xhd cu =350 
cenyoliotl: 5 hearts = 2 “land rods 
3402 a v a ° 538 Surveyors’ Rule 
(42 +402 = 41 +a ~ 41+ ht 7 + 992 = 13, (41 + Ht) x 13 
33 + 2x15 x ht) + 3xht = 533 + 
837 + 3xht ru = 538 
sara 16 10 a5 1s 11 Triangle Rule 
(16x10V2 = 80, (15x15V2 = 15x(7 + a) ~ 15x(7 + hd 
105 + 3x(Sxht) = 105 + 3x2 = 111, 


360 + 20xhd 
360 4 12 = 372 


111+ 80= 191 
Suas1 22 2 23 a 448 ‘Average of one pair of opposite sides times an adjacent side 
(21+ 202 = 20 + a~ 20 + ht 22x 20 + hd) = 440 + 22xht 
40 + dS) + 2nht = 440 4+ dyed + Deht rd = 448 


cemomitt: 5 bones = 1 “land rod’ 
1179-2822 6 a 2 11 Surveyors" Rule 

(22 + 202 =21 + a~21+bn, (12 + 6/2=9, (21 + bn) x9 
189 + 9xbn = 189 + Sxbn + 4xbn = 189+ 1+ 4xbn 
190 + 4xbn ru = 191, 
424 20 20 a 16 364 Average of two adjacent sides times another side 

(21 + 16/2 = 18 + a ~ 18 + bn, 20x(18 + bn) = 360 + 20xbn 
360 + 4x(Sxbn) = 360 + 4 = 364 
5.17036 37 30 38 28 1079 ‘Surveyor's Rule 

(88 + 37/2 = 37 + a -37 + bn, (30 + 28)2 = 29, (7 + bndx29 
1073 + 29xbn = 1073 + Sx(Sxbn) + 4xbn 
1073 +5 + 4xbn = 1078 + 4xbn ru = 1079 


cemacoll: 3 arms = 1 “land rod” 
1604434 20 25 20 586 ‘Surveyors’ Rute 
(34 + 2512 = 29 + a~ 29 + am, (2012012 = 20, 
(29 + am) x 20 = $80 + 20xam = 580 + 6x(3xam) + 2xam 
580 + 6 + 2xam = 586 + 2xam rd = 586 
12290 54a 9 36 8 300 ‘Average of one pair of opposite sides times an adjacent side 
(9 + 8)2 =8 +a ~ 8 + am, 36x(8 + am) = 288 + 36xam 
"8B + 12x(3xam) = 288 + 12 = 300 
2465 29 Bea 304a ot 400 ‘Average of one pair of opposite sides times an adjacent side 
(13 + 14,2 = 13 + a ~ 13 + am, 30x(13 + am) = 390 + 30 x am = 
390 + 10x(3xam) = 390 + 10 = 400 
cemmitt: 2 arows = 1 “land rod" 
2s 36 2 37 2 438 Surveyors'Rule 
6 + a, (12 + 12V2 = 12, (36 +a) x 12 = 432+ 
32 4+ 6x(2xa) = 432 + 6 = 438 
3617 pu an 9 4 227 Triangle Rule 
(i7.anV2 = 170542) = 85 + 17xa = 85 + 8x(2xa) + Da 
8548 + ba =93 + Lea rw = 94, (19x14)2 = 133, 


514030 28 n 27 9+a 257 ‘Multiplication of two adjacent sides 
27 x (94a) = 243 + 27a) = 243 + 13x(2xa) + 1xa 
243 +13 + ea = 256 + Lea u = 257 


“Field: See Table 1. fSidlengths: Se Table __¢lonads: See Table L. ln dita: bn, bong, am arm. in averaged stelngis, 0: 
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24ST % 207 = 490T°. In ACA for hands, the 
exact RA for this field is computed as 


(24T + 251) /2=24T +a~ 
2AT + hd, (167 + 247) /2 = 207, 
RA = (24+ hd)T x 20T 
= 4807? + (20 x hd)T? 
= 480T? +4 x (5 x hd)T? 
= (48044 x 3)T? 
=4921? @) 
Bone: Cemomitl, Some RAs are obtained 
arithmetically by substituting 0.27 (%4T) for 
OST. For example, for sidelengths 21 + a, 12 + 
a, 19, and 17, and an RA = 2847", the Sur 
veyors” Rule (ignoring sidelength monads) gives 
QUT + 19TY2 * (27 + 171y2=20T x 14ST = 
2907. In ACA with a proportion of 5:1, the 
RA is calculated as 


QIT + 1972 = 207, (aT + 1772 
aT + a- 140 +467, 
RA =207 x (14+ 4)T 
= 2801? + 20 x 41 
80T? + 4 x (5 x JT? 


) 


Although undepicted in the Tepetlaoztoc 
codices, we suspect T= J, x25 m= 0.5 m 
and represents a monad unit in Acolhua me- 
trology. As evidence, another Acolhua document 
of the same vintage, the Oztoticpac Lands Map 
(17), pictures not only hands, hears, and amows 
‘but also monad glyphs that unambiguously read 
“bone” (omit!) in. Nahuatl epigraphy. The read- 
ing is confirmed by cemomitl glosses for bone 
glyphs in Tenochca documents. Thus, we 
tentatively identify the unknown Tepetiaoztoc 
‘monad as an Acothiua “bone” equivaent to 0.5 m, 
a length slightly longer than what Cline (18) and 
Harvey (19) suggest for the Oztoticpac bone 
glyph (20). 

‘Arm: Comacolli. In addition to the bone, 
heart, hand, and arrow (factions sT, 7sT, 5T, 
and sT, respectively), another monad is sug- 
gested by nine quadrilaterals in which exact RAS 
are obtained by replacing 0.ST with sT, a length 
equivalent to 's x 25 m = 0.83 m (one vara). 
Probably this fraction represents computation 
with “one-arm,” cemacolli. A drawing of a bent 
«am from the shoulder to the tips of outstretched 
fingers typically reads “-acolli-” in Acolhua and 
‘Tenochca epigraphy, and one such monad glyph 
appears on the Oztoticpac Lands Map mentioned 
above. The arm glyph in Tenochca texts is offen 
Blossed “media braza,” ie, one-hulf of the two- 
vara “braza”: , x (1.67 m) = 0.83 m, a metic 
distance that coincides with the Tepetiaoztoc )sT. 
{In this instance, the Acolhua and Tenochea “arm” 
distances coincide because the relations 3:1 and 
2:1 establish proportions vis a vis the 3-vara 
raza and the 2-vara braza. The CA of a quad. 


‘lateral with sidelengths 32, 11 +ht, 31, 12, and 
RA~ 351T° exemplifies application of the 3 arms 
to 1 “land rod” in ACA. Where am is arm and rd 
is round down to integer, multiplication of the 
average length of one pair of opposite sides by an 
adjacent side gives 


(UT +120)/2=T+a~11T +m, 
RA=3IT x (11 +am)T 
34rt? + (31 x am)T? 
3417? + 10x (3 x am)T? +1 x am 
G41 410) +1 x am nd 
© 


=3s1T 

Discussion and conclusions. The logic of 
‘Acolhua land measurement is based on units of 
standard length and monad distances shorter than 
the standard. Using an etic perspective, 16th- 
‘century Spanish and subsequent scholars often 
defined monads in terms of fractional parts of 
Spanish varas and fracas. In contrast from the 
‘Acothua (and most likely Tenochca) emic view, 
cach monad was conceptualized as a unitary 
‘entity unto itself, not a fraction of a larger unit. 

‘The metrological role of monads generally is 
‘presumed to indicate only native concem with 
‘precise measurement. This study suggests a con- 
‘Siderably more complex function than surveyed- 
distance units. Our calculations provide strong 
‘evidence that the Acolhua computed field areas 
‘with ACA based on proportions between monads 
and the standard linear unit. Long debated, 
proposed metric equivalents of monads inferred 
from Colonial-period texts are testable for 
‘Acothua units by computing with ACA applied 
to their field area records. Our research suggests, 
that among the most commonly used monads, 
the Acothua hand measured 1.5 m, the arow 
1.25 m, and the heart 1.0 m. More problematic, 
the arm may have equaled 0.83 m and the bone 
0Sm. 

Except for the 3 anns:1T equivalence, the 
symmetry of the most frequent proportions is 
‘consistent with Mesoamerican metrics in that 
they are submultiples of 20— 2:1, 5:3, 5:2, and 
possibly 5:1. They resonate with emic emphasis 
‘on vigesimal numerology seen in cosmovision, 
divisions of time, and groupings of objects or 
people. In Mesoamerica, congruence principles 
hhad long been used in calendrics to synchronize 
solar, lunar, and Venus cycles. It is therefore not 
unexpected that the Acoliua would use ACA in 
their everyday arithmetic: What is unexpected is 
to find documentary evidence of such proce- 
dures. A persistent question in etic evaluation of 
‘Aztec arithmetical accomplishments is whether 
they used fractions. We suggest that the Acolhua 
solved the arithmetic problem in an altemate 
‘manner by using ACA, thus rendering the etic 
‘question moot. 

Because hundreds of Acolhua RAs can be 
replicated through computation, it seems highly 
‘improbable that areas were derived by laying out 
‘quadriculars on fields or by some other physical 
‘means, especially given long distances and un- 


even terrain. Calculations with the simplest al- 
gorithm require multiplication; more complex 
cones use addition and division as well. Compu- 
tations yielding the exact RAs imply that the 
Acolhua approximated areas by rounding and 
averaging. The algorithms that successfully yield 
Acolhua RAs are commonly applied in westem 
utilitarian metrology, which suggests that Acol- 
hnua categories of field shapes (squares, rectan- 
gies, and rightriangles) and their ascribed 
geometric properties were not unlike European 

‘Among many unresolved questions sug- 
gested by this research is an emic explanation 
for the choice of monads substituting for Ys in 
averaging procedures. More broadly, we wonder 
what factors determined the choice of algo- 
rithms to use in the first place. How accurate 
Acolhua area values were, while emically sat- 
isfactory for their purposes, nevertheless stirs 
etic curiosity. 
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Crystal Structure of a Self-Spliced 


Group Il Intron 


Navtej Toor,™* Kevin S. Keating,” Sean D. Taylor,’ Anna Marie Pyle*** 


Group Il introns are selfsplicing ribozymes that catalyze their own excision from precursor 
transcripts and insertion into new genetic locations. Here we report the crystal structure of an 
intact, self-spliced group II intron from Oceanobacittus iheyensis at 3.1 angstrom resolution. An 
extensive network of tertiary interactions facilitates the ordered packing of intron subdomains 


around a ribozyme core th: 


includes catalytic domain V. The bulge of domain V adopts an unusual 


helical structure that is located adjacent to a major groove triple helix (catalytic triple. The 
bulge and catalytic triplex jointly coordinate two divalent metal ions in a configuration that is 
consistent with a two-metal ion mechanism for catalysis. Structural and functional analogies 
support the hypothesis that group Il introns and the spliceosome share a common ancestor. 


roup Il introns are self splicing ribo- 

-zymes that catalyze their own excision 

from precursor-mRNAS (J). They also 
function as reroelements by associating with 
{ntron-encoded reverse transcriptases and invad- 
ing DNA targets through reverse splicing reac- 
tions (2, 3). Group Il introns are numerous in 
bacteria (4), and they are also found in the 
organellar genomes of plants, fimgi, protists, 
and some animals (/, 5). They are considered to 
be the ancestors of nuclear introns and of the 
eukaryotic spliceosomal machinery, with which 
they share structural and sequence similarities 
(, 7). Nuclear introns are regions of eukaryotic 
transcripts that are removed after transcription 
by a large ribomucleoprotein complex called the 
spliceosome. Despite the importance of group II 
{introns and their spliceosomal relatives, there 
are no high-resolution crystal structures of these 
genetic elements in an intact state, 

Most group II intron RNAs encode two ba 
sic components: a self-splicing ribozyme and an 
‘open reading frame (ORF) for expression of a 
reverse-transcriptase (RT) enzyme. The ribo- 
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zyme is composed of six structural domains. 
‘The largest, domain I (DI), contains recognition 
sequences for binding the 5’ and 3' exons and 
the branch site mucleophile. The 5’ exon forms 
extended base-pairings with two binding sites in 
DI BSI and EBS2) (8), and the 3 splice site 
is specified by a short pairing between EBS3 
and the 3° exon (9). Domains Il and IMI (DII and 
Dill) enhance the catalytic efficiency of splicing 
(ZO), and the linker that connects them (12/3) is 
a major active site component (1/, 12). Domain 
IV @IV) contains the reverse transcriptase ORF 
and structural motifs that bind the RT protein 
(23). The most highly conserved substructure in 
gzoup Il introns is domain V (DV), which is a 
short hairpin that contains a bulge essential for 
catalysis (4). The bulge is located near a 
“catalytic triad” of conserved micleotides (usually 
AGC, but often CGO) at the base of domain V 
(5), Domain VI (DVD contains an adenosine 
‘cleotide that attacks the 5’ splice site during the 
frst step of splicing, forming lariat RNA (J). 
Although biochemical studies have revealed many 
aspects of group II intron architecture (I, 9, 16), 
the exact spatial organization of functional 
domains and molecular details of the ribozyme 
active site have remained obscure. 

Here we describe the crystal structure of 
‘an intact group II intron from the halotolerant 
alkaliphile Oceanobacillus iheyensis at 3.1 A 
resolution. This intron was identified in a screen 
‘of group Il introns from various extemophilic 
‘bacteria and was chosen as a crystallization 
target because it exhibited robust splicing under 


conditions of low magnesium-ion concentra- 
‘ion and high temperature. Indeed, the intron rea 

dly self-spliced during in vitro transcription by 
T7 RNA polymerase (fig. $1). The O. iheyensis 
intron belongs to the newly discovered group 
TIC class of introns (fig. $2), which are highly 
reactive and smaller (420 to 480 mucleotides) than 
the well'sudied IA and IB classes (17, 18) 

The IIC introns are hypothesized to be the most 
primitive of the three classes (19), and they self 
splice in vitro through a hydrolytic pathway (20), 
forming a linear intron (J8, 2/) instead of a cy- 
lized lariat product. 

‘The crystallization construct contains all of 
the six domains typically present in group Il 
{introns (Fig. 1A). The intron was crystallized ina 
postcatalytic state after undergoing both steps of 
splicing during in vitro transcription, which results 
{in an intron RNA with homogeneously cleaved 
ends, The intron was then isolated in the native 
state, without the use of any denaturation steps 
that are typical for RNA purification (22). Native 
gel electrophoresis revealed the purified RNA to 
be conformationally homogencous (fig. $3). 

The O. iheyensis intron crystallized in space 
group P2,2,2; with one molecule per asymmetric 
unit. The structure was solved by multiwave- 
Jength anomalous dispersion (23). Phases were 
independently calculated from both Yb** and 
‘tidium hexamine (24) derivatives and combined, 
resulting in an experimental electron density map 
of high quality (Fig. 2 and figs. S4 to S6). The 
phylogenetically predicted secondary structure 
(17) served as a guide for building the mode! into 
the electron density. The final mode! had an Ryo 
of 27.6% and an Rew of 31.0% (table SI), 
Density was observed for most of the intron 
mucleobases, although density for the x region 
(Fig. 1A) and the internal loop of DIMI was poor. 
Disordered regions of the intron included the first 
two mucieotides of the 5’ end, DVI, and a smal! 
section of DI (Fig. 1A) 

Overall structure. The dominant feature of 
the O. iheyensis intron structure is a network of 
{intricate tertiary interactions that organize active- 
site components around the DV catalytic center 
Gig. 1, Cand D, and fig. S7A). Coaxial stack 
ing of specific helices dictates the overall achi- 
tectural form (Fig. 1B). For example, helices 1) 
and 1G) from DI are coawilly stacked on DIL 
‘Stem IC lies paralle! to the I()-1Gi) helices in an 
orientation that is capped and stabilized by the 
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6 interaction, Domains IM and IV are also 
coaxially stacked, as are stems IA and IB in DL 

Long-range tertiary interactions. Most of 
‘the tertiary interactions proposed for group IIB 
intons also exist or have an analog in TIC 
{ntrons. Some of these include a-o’ (25), EBS1- 
IBSI (8), EBS3-IBS3 (9), 7-7 (26), e-€' (25), 
2 27), 0-6" (28), <x! 2H, and 52 GO. 


Some of these interactions, such as 0-6, form a 
structure exactly as predicted from previous bio- 
chemical data (28). In contrast, other predicted 
interactions, such as a-a! and £0, have an un- 
expected structural form (see below). There are 
also some tertiary contacts that are missing in 
MIC introns. For example, wp’ (3/) and. the 


1. Overall secondary and tertiary 
structure of the crystallized intron. (A) 
Secondary structure of the O. iheyensis 
intron in the canonical representation. 
Roman numerals and Greek letters in- 
dicate domains and tertiary interaction 
partners, respectively. The intron is de- 
picted in the colors used forall subse- 
(quent figures. Disordered bases are 
shown in black. (B) Revised secondary 
structure reflecting the coaxial stacking 
and domain organization evident from 
the cystal structure. Watson-Crick ter- 
tary interactions, base triples, and base- 
stacking contacts are shown only for the 
core of the intron and are represented 
as open circles, squares, and rectangles, 
respectively. (C) Overall structure of the 
{intron in a ribbon representation. (D) A 
‘90° rotation of the image show in (Q. 
‘Note that the UCG tetraloop atthe end 
‘of Dill was not well ordered, and bases 
are not shown. Figures were generated 
using PyMol (52). 


EBS2-IBS2 pairing are absent (/8). In addition, 
there is a new long-range contact, @- that only 
seems to exist in this primitive class of introns. 

DI contains numerous conserved sequences 
and tertiary interactions that are important for 
maintaining the overall fold of the ribozyme. 
Consistent with previous folding studies, DI is 
sSructured as an autonomous scaffold that ap- 
pears to organize the other domains (32). The 
‘most dominant long-range interaction within DI 
is the kissing loop between a and a! (Fig. 34), 
This is a helix of seven consecutive Watson- 
Crick base pairs, followed and reinforced by a 
‘Watson-Crick pair (AS0-U198) that points away 
from the a-a' helix. The coaxial stacking of stems 


oftclen 


1A and IB is essential for properly positioning the 
« sequence and for stabilizing the five-way junc- 
tion in DI. This junction is reinforced by multiple 
stacking and pairing interactions between stem 
1A and the junction mucleotides (Fig. 3B and 
fig. STB) 

The 0-6' interaction consists of a GCGA 
tetraloop from stem IC that docks into a receptor 
at the base of Dil. This is a canonical GNRA 
tetraloop-receptor interaction (30) that positions 
the conserved e' sequence within the core of the 
intron. 

‘An unexpected interaction within DI, des- 
ignated as 0-0 (Fig. 3C), places EBS! near 
catalytically essential motifs in DV and posi- 
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tions the 5* splice junction within the intron 
active site, The 0-0 interaction involves the 
formation of a ribose zipper (33) between a 
small, conserved intemal loop (@') near EBS1 
and stem IDI (©), 

Interactions between DI and DV. The active 
site is constructed through a network of inter- 
actions between the DI scaffold and DV. One of 
the most important contacts between these do- 


2. Experimental, unbiased elec 
‘tron density map at 1.30. The struc: 
‘ture is slightly rotated from Fig. 1C 
to better illustrate the quality ofthe 
‘map. A trace ofthe intron backbone 
'5 shown in beige. 


3. Essential tertiary interactions within DI (A) 
‘Kissing loop interaction between c and a’, stabilized 
by the extrahelical A50-U198 base pair. (B) The 
five-way junction in Ol. Junction nucleotide A245 
‘ntercalates between G34 and A35 of stem IA and 
forms a trans Watson-Cricksugaredge base pair 
(43) with G32. Nucleotides G36 and U37 stack 
directly on top of A247. (Q The ara interaction, in 
which A192, A193, and A174 form 2 ribose zipper 
with C127, 6128, and U238, respectively. 


’, which consists of a GAAC tetra- 
loop from BV interacting with a receptor in DI 
1, A and C). This tetraloop-receptor inter- 
action is conformationally unusual and consists 
only of base stacking between the AAC of the 
tetraloop and a single, bulged guanosine within 
the receptor. Indeed, this interaction seems to be 
a new class of tetraloop receptor interaction 
found only in IIC introns and is identifiable by 
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a GANC tetraloop sequence, in which the third 
mucleotide is variable. 

‘Another important connection between DV 
and DI is <-x', which serves to anchor DV 
within the DI scaffold (29). Although poor 
density in the x loop prevents a detailed analysis 
of molecular features, the two elements of x-x' 
are close together and thus consistent with an 
interaction (Fig. 1). 

The zanchor mediates structural integrity of 
the core. Nucleotides 106 to 111, from sub- 
domain IC, form a series of base pairs, triples, 
and stacking interactions with three different 
regions of the intron. Two 160° kinks in the 
backbone, between mucleotides 109 to 111, cause 
rucleobases in this region to altemate from side 
to side (Fig. 4), forming interactions with dis- 
pparate parts of the intron and assembling them 
{nto a scaffold for the active site. The known e-e' 
and 2-2! interactions are components of this 
larger, fictional substructure, which we have 
named the “z-anchor” The z-anchor has a form 
and function that is reminiscent of 18/7 in group I 
{introns (34). 

The anchor makes multiple contacts with 
the 1G) loop of DI and with the 5” end of the 
intron. For example, residues G1O8 and ALO 
form Watson-Crick pairs with nucleotides C11 
and U259 of the IG) loop (Figs. 1B and 4, A and 
B), whereas G107 forms a wobble pair with US 
(analogous to ¢-e}, thereby placing the z-anchor 
near the S' splice ste. In addition to these contacts, 
the IG) loop and the S' end of the intron interact 
irectly through a set of Watson Cricksugar-edge 
pairs (Figs, 1B and 4A). 

‘The Z-anchor ties this complex of DI con- 
stituents to DV via a base triple involving A106 
and a base quartet involving G107. The base 
triple is analogous to the 4-2" interaction that 
‘was chemogencticaly identified in IB introns 
(27). The sugaredge of A106 forms multiple 
base and 2-OH contacts to the sugar-edges of 
both C367 and G374 in DV (Fig. 4C). The un- 
usual base quartet connects nucleobase and sugar 
functional groups of G107, U4, A366, and U375 
ig. AD). in addition, the 16) loop and the 5’ end 
of DI each make direct contacts with DV. The 
highly conserved GS residue interacts with A376 
in the DV bulge, allowing that nucleotide to 
extrude from the DV helix and thereby support 
the active-site structure. This elaborate network 
of tertiary contacts is crucial for intron function 
because it places the 5’ splice site near the bulge 
of DV and mediates most of the interactions 
surrounding the DV bulge, thereby stabilizing the 
catalytic core of the intron. 

128 and bulge base C377 form a triple 
helix with the DV catalytic triad. 12/3 isa highly 
conserved linker region between domains I and 
IL. Enzymotogical investigations have shown 
that J2/3 is important for efficient sricng by 
group II intions (//, 12), and photo-cross! 
Satis have repesiodY placed 123 near the 
catalytic triad (16, 35) In the O. sheyensis intron, 
323 is composed of nucleotides A287, G288, 
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and C289. Nucleobases G288 and C289 insert 
{nto the major groove of DV, where they stack 
directly beneath bulge base C377 (Fig. 5, A and 
B, and fig. $7C). Each nucleotide of this stacked 
array (i.e., G288, C289, and C377) forms a base 
triple with the three micleotides of the catalyt- 
ic triad located in DV (residues 358 to 360, 
Fig, SB), In essence, the 32/3 strand and the DV 
stem completely merge, forming a triple helix 
that brings together catalytically essential resi 
dues of the intron (the catalytic triplex). 

The bulge of DV forms an unusual helix. 
‘Base stacking interactions between the DV bulge 
and residues G5, G288, and C289 distort the 
‘bulge region and induce formation of a short, 
single-stranded helical structure that spans mucieo- 
tides 375 to 379 (Fig. 5A and fig. S7C). This 
“mnini-hetix” is comparable in radius and pitch to 
the a helices commonly found in proteins. 

This structure of DV differs greatly trom the 
conformation of this domain when itis studied 
in isolation. Previous muclear magnetic reso- 
nance (36) and crystallographic (37) data have 
indicated that the upper and lower stems of DV 
are essentially coaxial. However, in the intact, 
intron, these two stems are at an angle of ~45° 
‘with respect to each other. This bend serves to 
‘move the backbones of the bulge and catalytic 
‘iad closer together, to a distance of ~3 A. In 
addition to the angular orientation of the two 
helices, the bulge region of DV also differs from 
previous models in that it is extensively dis- 
torted by other intron components. This demon- 
strates thatthe entire group Il intron structure is 
essential for inducing a catalytically relevant fod 
inDV. 

DV is a metal ion-binding platform. The 
proximity of backbone moieties in the bulge and 
‘the catalytic triad results in the formation of a 
negatively charged pocket that binds two metal 
fons (M, and Mz) (Fig. 6). These two sites were 
assigned as Mg” fons on the basis of Yb" soaks, 
‘Yb™ mimics the coordination state of Mg™ and 
exhibits strong anomalous scattering, which 
allows its position to be easily identified within 
the structure. 

‘Yb™* was observed to bind at only four 
positions within the intron, three of which were 
located near the bulge of DV. Two of the Yb** 
sites correspond to electron density observed in 
‘the native map and were assigned as the afore~ 
mentioned Mg” ions (Fig. 6). These two posi- 
tions (Mj, and M3) have very large anomalous 
signals of 75¢ and $76. The other two sites do 
znot correspond to any density in the native map 
and have smaller anomalous signals of only 7c 
and So. The third Yb™ site is near the bulge, 
‘where itis located ~6 A from M; and Mz, while 
the fourth site is located outside the core of the 
intron altogether. The latter fons may represent 
Jow-occupancy Mg” sites or they may be spe- 
cific only for Yb". 

Within the metal jon-binding pocket (Fig. 6) 
‘Mis bound by two inner sphere ligands, consis- 
ing of the O1P of U37S and the O2P of C377. Ms 


is bound by three inner-sphere contacts to the 
OIP of C358, the O2P of G359, and the O1P of 
(C377. Previous biochemical sues on the alSy 
IIB intron have indicated that nonbridging 
phosphory! oxygens at the comesponding DV 
positions are essential for both steps of splicing 
and, in at least one case, direct binding to metal 
fons (29, 38, 39), thereby providing functional 
‘evidence for the assigument of M, and Mz as 
‘M, and Mp is 3.9 A, which matches the ideal 
distance of 39 A invoked for the classic two 
‘metal ion reaction mechanism of the group 
{intron and protein phosphotransferases such as 
DNA and RNA polymerase (40, 41), These two 
‘metal ions reside on the surface of DV and are 
therefore accessible to both the 5" and 3" splice 
‘sites (fig. S8). 

Evidence that Dill is an allosteric effector. 
Ill contains a conserved, purine rich internal 
Joop that forms a curved, tightly wound RNA 
helix that is similar to loop motifs containing 
sheared G-A and A-A pairs (42), Density for 
‘many nucleobases in this region is weak, so a 


Fig. 4, The zanchor and its 
network of interactions with 
iG and DV. (A) Nucleotides 
108 to 121 form an atter- 
nating “zig-zag” pattern 
which, together with 106 
‘and 107, assemble the 10 
loop, the 5’ end of the 
intron, and DV. (B) Top view 
of the zanchor, illustrating 
its role in assembling mul- 
tiple intron. substructures. 
(© Base triple between 
‘A106 and the (367-G374 
base pair of DV (equivalent 
to 2-2). (0) Nucleotide 
‘quartet between G107, the 
5 end, and DV. 


precise description of the pairing is not war- 
ranted. However, nucleotides in the conserved 
{intemal loop of Dill are in a position to form 
multiple base pairs and 2-OH contacts with 
the basal regions of subdomain 1(j) and DI. 
This is consistent with previous biochemical 
data indicating that DI helps position Dill 
(10). There is good base density for G320, 
indicating that it forms a trans sugar-edge’sugar- 
edge base pair (43) with G267, resulting in stack- 
{ng of G320 upon A268 at the bottom of the DI 
stem. Thus, Dill is tied rigid'y to the junction 
between DI and Dil, which serves to position the 
adjacent 12/3 mucleotides within DV. Notably, a 
140° kink in the backbone between the A290 of 
Dill and C289 of 32/3 (Fig. SA) assists the in- 
sertion of 323 into DV. DI also appears to 
stabilize the 1G) loop, which helps create a foun- 
dation forthe active site through interactions with 
the z-anchor 

Enzymological studies have shown that DIU 
{s not strictly required for catalysis, but it greatly 
accelerates the rate constants for splicing and for 
bozyme reactions of the intron (#4). The struc- 
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ture explains these observations by showing that 
Dill helps to organize the active site indirectly 
through its proximity to J2/3 and the 5 end of 
the intron, DIII is therefore an allosteric effector 
of catalysis and influences intron reactivity de- 
spite its distance from active site moieties in DV. 

Lack of electron density for domain Vi. 
DVI contains the bulged adenosine that pro- 
‘vides the 2-OH micieophile during lariat forma- 
tion by group II introns (1). The erystal structure 
lacks electron density for DVI, even though this 
domain was included within the crystallization 
construct. Although DVI could not be visualized 


with the existing data, there is ample space for 
this domain within the structure, and itis ikely 
to le within the open cleft next to DV (Bg. $8). 
‘This position would be consistent with biochem- 
ical evidence indicating that domains Vand VI 
‘exist in a side-by-side arrangement (45). 
Implications for catalysis. Group I introns 
have an absolute requirement for either Mg™* 
(2) or Mir (18) in onder to catalyze both steps 
of splicing. The two-metal ion mechanism for 
RNA catalysis postulates that two divalent metal 
fons, located 39 A apart, catalyze phospho- 
transfer seactions in self'splicing sibazymes 


Fig. 5. DV and its local environment. (A) Interactions between DV, Di (including the z-anchor region 
and ££), and 12/3. For clarity, portions of DI (green and orange) are shown without bases. Only 
backbone density is sible for A287 (y) and, thus, the base i not shown. Actve-site Mg" ions are 
shown in orange and a K* ion is shown in purple. (B) The triple helix formed by 12, the catalytic triad, 
and the bulge of DV. Hydrogen bonds are shown as yellow dashed lines. C289 forms a base triple with 
358-6385 through hydrogen bonding between the O2 and N4 of C289 and the N4 and O2P of C358, 
respectively. G288 forms a triple with G359-U384 via the N1 and NZ of G288 bonding with the N7 and 
6 of G359. The final base triple involves the 2 and 2”-OH of C377 hydrogen bonding to the N4 and 
O2P of C360. 123 residues G288 and (289 are analogous to G588 and A589 in the alSy intron, 
respectively. In this work, O1P is the pro-S, oxygen and O2P is the pro-R, oxygen. 


Fig. 6. Metal ions in the 
core of the intron. Yo" anom- 
alous density is shown con- 
toured at 426 for My and 
Mz, which are spaced 3.9 A 
apart. Additionally, a K" ion 
interacts with the bulge and 
the bases of nucleotides 4 
and 5. The K* ion is located 
ata distance of 8 A from My 
and Mz. Black dashed lines 
indicate sites of inner-sphere 
coordination. Meta-binding 
residues C358, G359, G60, 
18376, and C377 from the 0. iheyensis intron are analogous to residues AB16, G817, C818, A838, and C839 
from the al5y intron, respectively. 
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(40). Crystallographic evidence indicates that 
this is the mechanism for group I intron splicing 
(4D, and our structure suggests that a similar 
mechanism is also used in group Il introns, 
consistent with biochemical data (46), 

It is clear that the exon recognition machin- 
exy and the metal-binding pocket of DV are in 
close proximity within the ribazyme core, The 
St end of the intron and EBS! are both located 
near the DV bulge (Fig. SA), thereby placing 
the S" splice site in the active site. In addition, 
the 7 mucleotide (A287), which pairs to the 3° 
terminal uridine (7) of the intron, is located near 
the DV bulge (Fig. SA), thereby positioning the 
3 splice site for catalysis. The convergence of 
all these intron components on the two metal 
fons in DV and the close comespondence be- 
tween biochemically determined contacts and 
the stricture reported here suggest that this is a 
catalytically relevant structure. It is likely that 
this structure represents the “ree retroelement” 
state of the intron that is capable of taking in 
substrate DNA for retwtransposition, 

Evolutionary implications. The crystal struc- 
ture provides a rationale for the strong phy- 
Jogenetic conservation of DV. The constant 
separation of 5 base pairs (bp) between the cat- 
alytic triad and the bulge is required for the 
formation of the metal-binding platfomn, DV has 
remained conserved throughout higher organisms, 
and ts basic form is used in the spliceasome. The 
{intramolecular stem loop of the spliceasomal U6 
small muclear RNA (snRNA) also contains an 
AGC catalytic triad that is separated from a two- 
nucleotide bulge by 5 bp (47), Indeed, the U6 
bulge binds metal ions in a manner similar to that 
of DV (48), DV can replace the U6atac snRNA 
{in the U2 dependent spliceosome, providing fuanc- 
tional evidence for parity between the DV and 
U6 motifs (47) 

The exceptional conservation of 12/3 is now 
explained by the fact that it is an integral active- 
site motif, fonning a catalytic triplex in the major 
groove of DV. This is evolutionarily relevant 
‘because 12/3 also has an apparent analog in the 
spliceosome (12): The phylogenetically invariant 
ACAGAGA box in U6 snRNA is refractory to 
mutagenesis and has been shown to interact 
near the bottom of the U6 stem (49), Thus, the 
spatial orientation of the AGA relative to the 
catalytic triad in UG is very similar to that of 
12/3 and DV in group Il introns, 

On the basis of these structural and func- 
tional analogies, it is most likely that the 
spliceosome is also a ribozyme and that it uses 
a two-metal ion mechanism for catalysis, These 
findings support the notion that group II introns 
evolved to colonize and shape the genomes of 
modem organisms. It has been suggested. that 
the advent of spliceosomal introns from an an- 
cestral group II intron resulted in the formation 
of the miclear membrane and evolution of the 
eukaryotes (50), Introns also allowed eukaryotic 
‘genomes to breach the “one gene, one protein” 
barrier through alternative splicing. This crystal 
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structure of a group II intron from an ancient 
lineage is therefore notable because it may rep- 
resent a glimpse of the primordial catalyst that 
triggered the evolution of diverse life forms on 
Earth. 
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Revealing Magnetic Interactions from 
Single-Atom Magnetization Curves 
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‘The miniaturization of magnetic devices toward the limit of single atoms calls for appropriate 
tools to study their magnetic properties. We demonstrate the ability to measure magnetization curves of 
{individual magnetic atoms adsorbed on a nonmagnetic metallic substrate with use of a scanning 
‘tunneling microscope with a spin-polarized tip. We can map out low-eneray magnetic interactions on 
the atomic scale as evidenced by the oscillating indirect exchange between a Co adatom and a 
‘nanowire on Pt(111). These results are important for the understanding of variations that are found in 
the magnetic properties of apparently identical adatoms because of different local environments. 


agnetic nanostructures consisting of a 
few atoms on nonmagnetic substrates 
(adatoms) are explored as mode! sys- 

tems for miniaturized data storage and spintronic 
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devices and for the impiementation of quantum, 
‘computing. Because these structures are well de- 
fined and controllable on the atomic scale, they are 
ideally suited to study the fundamentals of mag- 
netic interactions that are the ingredients of today’s 
‘and future memory and computation technology. 

‘Since the early days of modem research in 
‘magnetism, the magnetization in response to an 
‘extemal magnetic field (a magnetization curve) 
thas been recorded to gather information on the 
‘basic properties of magnetic samples (1). Such 
‘curves can be used to deduce the sample’s mag- 


netic moment and magnetic anisotropy energy. 
‘The downscaling of samples from bulk over thin 
films and nanowires to nanodots requires an ever- 
increasing sensitivity of this method. It has been 
demonstrated that x-ray absorption spectroscopy 
with polarization analysis is able to. measure 
‘magnetization curves of adatoms on a nonmag- 
netic substrate, albeit limited to large ensembles 
(2). Difierent approaches are potentially able to 
detect individual spins with nanometer spat 
resolution ranging from magnetic resonance mea- 
‘surements (3) over magnetic exchange force mi 
croscopy (4) to scanning tunneling microscopy 
and spectroscopy (STM and STS) (5-10). Spin- 
averaged STS has been used to indirectly deduce 
the properties of single and coupled spins via the 
Kondo effect (5), the detection of noise (6, 7), ot 
the observation of exchange splittings (8, 9). In- 
asic electron tunneling has been adopted to mea- 
sure the magnetic moments and anisotropy of 
individual atoms by spin-fip spectroscopy (10) 
‘This approach is complementary to the detection of 
‘magnetization curves but does not provide infor- 
‘ation on the dynamics of the spin and is so far 
restricted to adatoms on insulating layers. The 
method of choice for substrates, spin- 
polarized STS (SP-STS), has been proven to de- 
tect single spins stabilized by direct exchange to 
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(ant) ferromagnetic layers (11, 12). However, the 
{important step to individual spins in a nonmagnetic 
surounding has been lacking because of the 
experimental challenge posed by spin instability 

We demonstrate the direct detection of the 
magnetization of single adatoms on 2 nonmag.- 
netic metalic substrate as a function of an exter- 
nal magnetic field by SP-STS. Cobalt adatoms 
‘were used on a strongly polarizabe platinumn(111) 
substrate, forming large effective magnetic mo- 
‘ments of about 5 Bohr magnetons (jig) with a 
strong out-of-plane anisotropy (2). Our intent is 
to measure the magnetic interaction between 
stripes of one atomic layer Co grown at room 
temperature (13) and the individual Co adatoms 
deposited at about 2 K on the bare XLII) (Fig. 1) 
(14,13), The monolayer (ML) stripes, which have 
a magnetization, Myq., perpendicular to the sur 
face (13), serve as the calibration standard for the 
magnetic properties of the SP-STM tip. When we 
use out-of-plane oriented tips, the up and down 
domains exhibit a different spin-resolved dd 
signal as seen in Fig, 1. It is then possible to 
characterize the spin polarization and magne 
tization, My, of the foremost tip atom acting as 
a detector for the magnetization of the adatom, 
‘Mx (fg. SI). The d/V signal reconded above a 
particular adatom is sensitive to the relative 
orientation of ft and Ma (16), 


A /AVo=(AI/AV)y + (AL/A¥)soMy-M (1) 


‘where the first term and the second term rep- 
sesent the bias-vollage-dependent spin-averaged 
and spin-tesolved parts of d//d¥, respectively 
‘The di/dV signal is averaged over about 10 ms. 
{daV asa function of an external magnetic field, 
Bis thus a direct measure for the component of 
the time-averaged magnetization (37) inthe out 
ofplane direction. 

Before analyzing the B-dependent magneti- 
zation of single adatoms, their exact location with 
respect to the underlying substrate has to be de- 
termined. The Co adatoms can sit on either hex- 
‘agonal close-packed (hep) of face-centered cubic 
(fec) lace sites, which are unambiguously dis 
tinguishable by their d/dV at small negative bias 
voltages (Fig. 2A inset and fig. $2). In the dP 
curves, the fec adatoms show a characteristic 
peak at about 0.05 V below the Fern’ level Ep (V= 
0 V), which is shified slightly downward for 
hp adatoms. When Bis reversed from—03 To 
+0.3T, this peak strongly changes intensity be- 
cause of the alignment of (74) with B, leading 
to parllel and antiparalle orientation of (Ma) 
and. fr (Mfr is constant as shown in fig. SI). Sim- 
ilarimensity changes can be observed in nearly the 
entire voltage range and can be quantified by the 
magnetic asymmetty Apugn = (WF, ~ HdVg)! 
(Uia¥, + didVg), where AAV, and AVA ay are 
the curves for parlle and antiparale! orientation, 
respectively (Fig. 2B), The strongest asymmetry 
occurs at the energy of the prominent peak below 
Ey, proving that this adatom state is strongly spin 
polarized. Because this state is sensitive to the 
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Fig. 2. Overview of the sample of individual Co adatoms on the Pt(111) surface (blue) and Co ML stripes 
(red and yellow) attached to the step edges (STM topograph colorized with the simultaneously recorded 
spin-polarized difdV map measured with an STM tip magnetized antiparallel to the surface normal). An 
external 8 can be applied perpendicular to the sample surface in order to change the magnetization of 
adatoms Mg, ML stripes, Mf, oF tip Af. The ML appears red when Mis parallel to Af, and yellow when 
‘ay is antiparallel to Af. (Tunneling parameters are as follows: /= 0.8 nA, V= 03 V, modulation voltage 
Vind = 20 mV, T= 0.3 K) 


Fig. 2. Spin-polarized ddv 
‘curves from individual Co ad- 
atoms. (A) Curves measured 
‘onan hep and on an fcc ad- 
‘atom by using the same tip 
as in fig. S1 with B as indi- 
‘cated (averages from six sin- 
‘gle curves, fcc curves are 
offset for larity). The time- 
‘averaged magnetization of the 
adatoms (ld) aligned with 
8, resulting in a change in 
the diidV curve depending on 
the relate orientation of (fy) 
and df; asingicated. a, arbi- 
‘rary units (nse) Topograph 
colorized with simultaneously 
recorded dldV map at Ves = 
=0.1 V of an area with 00 
hep (orange) and two fcc 
(blue) adatoms. (B) Magnet- 
ic asymmetry (Arage) calcu- 
lated from the curves of (@). 
(Tunneling parameters are as 
follows: lesy = 118, Veo = 
(0.6 V,Vog= 10 iV, =03K) 
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Fig. 3. (A and B) Topographs of an area with several 
adatoms colorized withthe spin-polarized dildV map 
at B =—0.5T parallel to the tip magnetization #& (A) 
and 8 =+0.5 T antiparallel to Mf; (B) (T= 0.3 K). (C) 
Magnetization curves from the same adatom taken 
at different temperatures as indicated (dots). 
Reversal of ih is corrected (fig. $3). The solid lines 
are fits to the data (see test). The insets show the 
resulting histograms ofthe fitted magnetic moments 
{in us) forthe same 11 adatoms at T= 4.2 K (black) 
and at 0.3 K (red) (top histogram) and for 38 hep 
(orange) and 46 fcc (blue) adatoms at 0.3 K (bottom 
histogram, fcc bars stacked on hcp). (D) Magnetiza- 
tion curves of four adatoms at 0.3 K with fit curves 
and resulting By of 99% saturation. The inset shoves 
the histogram of 8.x (in T) for the same adatoms 
used in the lower histogram in (C) (ec bars stacked 
(on hep). [Curves in (© and (0) are offset for clarity. 
Tunneling parameters are as follows: |= 0.8 nA, V= 
0.3 V, Vigo = 20 mV] 


lati site of the adatom and to its spin orien- 
tation, it s not suited to separate structural and 
‘magnetic contributions. Instead, the d’dV signal 
at +0.3 V has a smal! but sufficient asymmetry 
with negligible influence of the lati site and 
will be used to recond (7a) asa function of B 

Focusing first on isolated adatoms [mean 
nearest neighbor distance of 2.4 1 nm (SEM)] 
that are more than § nm distant from the ML, Fig. 
3, AandB, shows did maps recorded at-0.5 T 
and +05 7. As in the d/4V curves, the did 
signal on the adatoms is reduced for antparale! 
configuration of (Ma) and Mr. Similar dav 
‘maps have been recorded at different B which 
was varied in small eps ffom~7.5 T 10 +75 T 
and back to -75 T. The d/d¥’ signal was 
averaged above individual adatoms (about 0.25, 
nim’) and plotted as a function of B (Fig. 3C). The 
magnetization curves are shifid slighty to the 
right because of the residual stray field of the 
tip, Br (fig. S3A). 

‘We observed S shaped curves for both temper: 
ares but with strongly different saturation fields, 
Buy=5T(T=42K)and Bye~03 T(P=03K) 
No signs of hysteresis are observe that, Mf, be 
haves paramagnetcally and sttstcaly switches 
between up and down with a rate much faster 
than the curent time resolution ofthe experiment 
(©100 Hz). Ithas been reported that Co adatoms 
on Pi) have a large out-of plane magnetocrys- 
talline anisotropy of K=9.3 meV per atom (at 
5.5 K), corresponding to an enerey barrier be 
tween up-and downward pointing 87, of about 
100 K (2). Beeause our lowest temperature is 350 
times smaller, we can exclude thermally induced 
switching of My across such abarier(27). Ths, 
if the description in (2) is correct, our results im 
ply the dominance ofa temperature independent 
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switching process, for example, quantum tunne!- 
ing of the magnetization or current-induced mag- 
netization switching by inelastic processes. 

In onder to gain information on the magnetic 
moment, m, we fitted the measured magnetiza- 
tion curves. It is interesting to evaluate whether 
‘a quasi-classical description is appropriate (2) 
because the magnetization is that of an individ- 
ual atom averaged over a time window with- 
‘out ensemble averaging. We thus calculate Ma 
by using a magnetic energy function £{0,B) ~ 
—m{B — B;)cos® — K(cos6)", where @ is the 
angle between the magnetic moment and B- 
We numerically fit the magnetization curves by 
variation of m, of the saturation magnetization, 
‘Mop and of the tip stray field, B;. Because of 
the lack of ahard axis magnetization curve, Kis, 
not an appropriate independent fit parameter. 
‘Therefore, a fixed value K-93 meV is taken 
(2). The corresponding fit curves in Fig. 3C 
excellently reproduce the single atom magneti- 
ation curves. Probably a strong hybridization of 
‘the adatom states with the Pt bands leads to a 
quasi classical behavior of the total magnetic mo- 
ment (2, 18). 

Similar magnetization curves as in Fig. 3C 
have been recorded by using several tips for 
about 80 different adatoms showing qualitatively 
the same paramagnetic shape. The insets contain 
the histograms of the fitted m. Surprisingly, the 
variance in m for the same adatoms increases 
notably at T = 0.3 K. The bottom histogram 
indicates a broad distribution from about 2p 10 
64tn With arithmetic means of m= @.9+0-2bn 
and mex 0.2)ig. These are larger than 
the 4.2 K values [mp = 3.0 03)tp and mgs 
G.1=0.1)1p] (/9). Figure 3D shows the mea 
‘sured magnetization curves and the comespond- 


ing fits of four different adatoms where the 
variance in m is visible as a spreading in the 
saturation fields Buy 

‘Because the peculiar spreading in the fitted m 
is obtained similarly for hep and fee adatoms, we 
can exclude an adsorption-site-induced variance 
{in the magnetic moment. Another reason for var- 
fiance can be electronic substrate inhomogeneity 
because of the subsurfice-defect scattering seen 
in Fig. 1 (20), However, this is very unlikely: (i) 
There is no obvious correlation between m and 
the scattering state distribution; (@) the variance 
in mis strongly increased for lower temperature, 
whereas the scattering states remain unaffected, 
Thus, we propose that the variation in m is in- 
duced by a magnetic interaction between the ad 
atoms with an energy scale of about ky * 0.3 K = 
25 weV. From the spreading of Bay found in the 
histogram in Fig. 3D (0.2 T to 0.7 T), we geta 
rough estimate for the interaction strength J ~ 
m(0.7T-0.2TY2=50 ueV (m= 3.7). Thisis 
consistent with an increased variance only at very 
ow temperatures, Direct exchange and dipolar 
{interactions can be neglected because of the large 
separation of the adatoms. Therefore, we assume 
that indirect exchange via the Pt substrate is 
responsible for the variance. 

If this hypothesis is tue, a long-range cou- 
pling between the adatoms and the ML. is ex- 
pected. Focusing on adatoms closeto the right of 
the ML, Fig. 4A shows the magnetization curve 
ofa particular ML stripe and of an adatom with a 
distance of d~ 1.5 nm. The ML shows a regular 
squarlike hysteresis corresponding to ferromag 
netic behavior. In the down sweep (blue curve), 
its magnetization switches from up (high signal) 
to down (low signal) at B=—0.5 T, and in the up 
sweep (red curve) it switches from down to up at 
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Fig. 4. Magnetic exchange between adatoms and ML stripe. 
(Ato C) Magnetization curves measured on the ML (stright 
tines) and on the three adatoms (dots) A, 8, and C visible in the 
‘inset topograph of (D). The blue color indicates the down sweep 
from B= +1 To -17 (and red, the up sweep from —1 Tto +17) 
(al signal on ML inverted for clarity). The vertical arrows, 
indicate the exchange bias field, B.., which is converted into 
the exchange energy (using m = 3.73) for the corresponding 
‘magenta points in the plot (0). (Tunneling parameters are as 
follows: 1= 0.8 nA, V=0.3 V, Vea = 20 mV, T= 0.3 K) (D) 
Dots show measured exchange energy as.a function of distance 
from ML as indicated by the arrow in the inset (about 50° to 
[a42). The black line is the dipolar interaction calculated 
from the stray field of 2 10-nmwide stripe with saturation 
‘magnetization 1.3 x 10° A/m. The red, blue, and green lines 
are fits to 1D, 2D, and 3D range functions for indirect ex- 
change. Horizontal error bars are due to the roughness of the 
Co-ML-stripe edge, whereas the vertical ones are due to the 
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+05 T, The adatom behaves completely differ 
ent than the previously described distant ones. 
In the down sweep, its magnetization switches 
from up to down already at large positive B ~ 
+027 T (see arrow). It then switches back to up 
sirmultancous'y with the reversal of the stripe at 
—05 T, Only at-07 Tis the adatom magnetiza- 
tion again forced into the down state (see arrow). 
‘The same behavior is observed for the up sweep 
but now with the stripe magnetization pointing 
downward and the adatom magnetization pointing 
upward at zero field. The adatom fee!s an ant 
ferromagnetic (AF) coupling to the stripe, which 
is broken by an exchange bias of Bax ~+0.7 T 
corresponding to an interaction energy of J = 
~m Baz *~150 eV (m = 3.7 tg). The mag- 
netization curve of a more distant adatom shows 
a femomagnetic (F) coupling (Fig. 4B; that i, 
the adatom magnetization is forced paralie to the 
stripe at zero field (> 0), An even more distant 
adatom (Fig. 4C) again is antiferromagnetically 
coupled but with a lower Baz smaller than the 
stripe coereivity (see amows). 

‘The interaction energies Ad) determined from 
similar magnetization curves of many adatoms 
are plotted in Fig. 4D. A damped oscillatory 
behavior, which is reminiscent of Ruderman- 
Kittel_Kasuya-Yosida (RKKY)-like exchange, is 
observed (2/-23). Note that dipolar coupling 
(black line) is always AF and negligible. There 
fore, we conclude that the interaction is due to 
indirect exchange via the Pt electrons. In onder 
to test whether an RKKY description is ap- 
propriate, Fig. 4D shows corresponding fits 


exchange energy J (yeV) 


1.0 20 
distance from monolayer (nm) 


to the data points 
Jy: cos2hgd Dg 
dimensionalities, D ( 
found for D~1 and a wavelength of hy ~ 2a/k = 
3 nm, comesponding to an oscilation period of 
the exchange energy of 1.5 nm. 

A dimensionality below 2 is indeed expected 
if the interaction is dominated by surface-related 
[two-dimensional (2D)] states and the superposi- 
tion of the contsibutions from all Co atoms along 
the stripe edge attenuates the decay. This conciu- 
sion is analogous to the case of the exchange in- 
teraction between ferromagnetic layers separated. 
by nonmagnetic metallic spacer layers, where the 
dominating states are bulk (3D) states, and the 
summation over the atoms in the layer can result 
in a 2D asymptotic behavior (26). Furthermore, 
the period of the measured oscillation leads to a 
Ag that is a factor of 2 to 6 larger than typical 
Fermi wavelengths of the P\(111) surface (20). 
‘We anticipate that effects similar to those found 
fn layered systems explaining the long-period 
oscillation (26) also play a crucial role in the 
stripe-adatom interaction. 

‘Our method not only reveals the magnetiza- 
tom of individual adatoms but also detects mag- 
netic interactions with atomic resolution at an 
energy scale of 10 weV. An increase in the time 
resolution should allow for the investigation of 
the dynamics in single and coupled spin systems 
(27), Together with the STM’ ability to assemble 
nanometer sized objects adatom by adatom, our 
‘method may be suitable for the fabrication and 
{investigation of magnetic nanostructures on vari- 


3.0 40 5.0 


cous substrates as metallic, semiconducting (9), oF 
thin insulating layers (10). 
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The Roles of Subsurface Carbon 
and Hydrogen in Palladium-Catalyzed 
Alkyne Hydrogenation 


Detre Teschner,** Janos Borsodi,** Attila Wootsch,? Zsolt Révay,? Michael Havecker,? 
Axel Knop-Gericke,? S. David Jackson,’ Robert Schldgl* 


Alkynes can be selectively hydrogenated into alkenes on solid palladium catalysts. This process 
requires a strong modification of the near-surface region of palladium, in which carbon (from 
fragmented feed molecules) occupies interstitial lattice sites. In situ x-ray photoelectron 


‘measurements under reaction condition: 


jcated that much less carbon was 


dissolved in palladium during unselective, total hydrogenation. Additional studies of hydrogen 
content using in situ prompt gamma activation analysis, which allowed us to follow the hydrogen 
content of palladium during catalysis, indicated that unselective hydrogenation proceeds on 
hydrogen-saturated f-hydride, whereas selective hydrogenation was only possible after decoupling 
bulk properties from the surface events. Thus, the population of subsurface sites of palladium, 
by either hydrogen or carbon, governs the hydrogenation events on the surface. 


fundamental understanding of catalytic 

reactions requires a “bottom-up” approach 

using surface science experiments and 
theoretical calculations to provide insights into 
surface dynamics and adsorbed species, their 
coverage, and possible reaction paths. For sim- 
ple heterogeneous catalytic systems (such as 
ammonia synthesis and CO oxidation), the level 
of characterization approaches the point where 
rational insights into the design of the catalyst 
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1 Gataytic 1-pentyne gas-phase 
hydrogenation as a function of pHs. 
(A) Selectivity for the two main re- 
action paths on Pa black; experiments 
were carried out in a closed-loop cir- 
calation setup. Hydrogenation selec- 
tivtyisa strong function of pH. Solid 
and open tars mark pressures at which 
XPS experiments were carried out. P, 
pressure; T, temperature. (B and C) 
Corresponding Pd 3ds2 XP spectra i 
recorded under hydrogenation cond 

tions for Pa foil and black, respec 

tively, using 720-eV excitation energy. 
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become feasible (J), Experimental studies have 
‘been aided by instrumental modifications that 
allow many surface-science techniques that typ- 
ically are used under high-vacuum conditions to 
‘be used at modest pressures of reactants over the 
catalysts. 

‘The presumed simplification of most studies 
is that the bulk of the catalyst, the part of the 
active sample below the surface, is “frozen” and 
can be neglected. Although heterogencous cat- 
alytic conversion is a surface process, there is 
accumulating evidence, particulariy from experi 
‘ments applying in situ fictional analysis, that 
the bulk and especially the subsurface region 
(the few layers below the surface) can play a 
key role in surface events. Reaction conditions 
uch as temperature and the ambient reactive 


gas) may not only reconstruct the top surfice 
layer, but also may create added rows and val- 
leys of atoms (2, 3) or even massively change 
the whole morphology of the catalytic particles 
@, Atoms that are part of the catalytic feed can 
dissolve in metallic particles, and can change the 
electronic structure of the surface (5, 6), and dis- 
solved species can even participate in the reac- 
tion (7), Here, we present a still relatively simple 
but industrially relevant case, alkyne hydrogen 
ation on palladium, in which different sub 
surface species define which of the possible 
reaction paths dominates the overall reaction. 
Many studies have addressed the question of 
how to selectively hydrogenate a certain func: 
tional group. A hydrocarbon with a carbon: 
carbon triple bond can be hydrogenated partially 
to the alkene or fully to the alkane. We have ex- 
plored why palladium can selectively hydrogen- 
ate alkynes to alkenes, when Pd itself is usually 
even more active in hydrogenating the come- 
sponding alkene to the alkane. The typical ex- 
planation (8) is thatthe difference in the heat of 
adsorption of the feed alkyne and of the partial 
hydrogenation product alkene forces the inter- 
mediate product alkene to desorb and became 
replaced by the incoming alkyne of the feed. 
However, 30 years ago, AlAmmar ef al, (9) 
demonstrated that, contrary to thermodynamic 
factors, ethylene could be adsorbed on a catalyst 
of Pd supported on silica while acetylene was 
present in the gas phase. This is possible be- 
cause the surface of catalysts is usually hetero- 
geneous and can have discrete sites that facilitate 
selective adsorption. Furthermore, many research 
groups have suggested that carbonaceous de- 
posts formed during reaction might substantially 
affect selectivity (10, 11) and references therein} 
Alkyne hydrogenation usually goes through an 
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‘The Pd component at 335 eV corresponds to bulk, metalic Pd, whereas the correlates with PdC: Selective hydrogenation occurs when the Pd peak is domi- 
higher binding-eneray peak (dashed line) represents the sum of adsorbate- nated by PAC, whereas total hydrogenation prevails on Pd containing much less 


induced surface core-level shift components and PAC. The reaction selectivity 


‘Cincorporated in the top few atomic layers. a.u, arbitrary units. 
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activation period (fig. $1), which strongly sug- 
gests that the catalyst is not identical to its “as- 
introduced” form. 

We recently found that, under conditions that 
selectively hydrogenate L-pentyne, the active sate 
of Pd is a Pu-C surface phase (PUC), approsi- 
‘ately three Pd layers thick (12). The amount 
of C incorporated within the top layers was 35 
to 45 atomic %. This identification was mainly 
based on x-ray photoelectron spectroscopic (XPS) 
investigation under hydrogenation conditions 
(high pressure XPS). Although XPS is typically 
used in ultrahigh-vacuum conditions, recent 
developments in instrumentation have made it 
possible to investigate catalysts under reaction 
conditions (73), provided that their reaction pro- 
ceeds in the millibar range (10~ to 107 atm). 
Selective I-pentyne hydrogenation, and alkyne 
‘hydrogenation in general, follows the same for 
‘mal kinetics at these reduced pressures as it does 
at higher pressure conditions (fig. S2); thus, in 
situ XPS will detect the catalytically relevant sur 
face state, Because PdC was found to be stable 
only in the reaction ambient (12), its investiga 
tion requires in sity characterization techniques. 
To relate C incorporation into Pd to hydrogen- 
ation selectivity, we performed I-pentyne hy- 


<drogenation experiments in the millibar pressure 
‘range, varying the experimental conditions to in- 
duce modification in the product pattem. 

‘The selectivity response of unsupported Pd 
‘black (mean particle size 230 nm) to the variation 
of hydrogen partial pressure, as well as the XP 
spectra of Pd 3d core levels (Pd 32), ae shown, 
in Fig. 1. Increasing Hz pressure accelerated se- 
lective hydrogenation, but above a certain pres- 
‘sure, total hydrogenation occurred. Pd, before 
‘contact with the hydrogenation feed, was in the 
‘metalic state (the Pd 3d component at 335 eV). 

‘The regime of selective I-pentyne hrydrogen- 
‘ation was characterized by the strong peak at 
~335.6 eV, which included any adsorbate- 
{induced surface core-leve! shift components and 
the contribution from PAC. At the applied 720-<V 
excitation energy, the adsorbate induced sur 
face component should contribute ~20% to the 
total intensity of the peak (J4); thus, the domi- 
‘nant part of the newiy formed state corresponded. 
to PAC. We used nondestructive depth-profile 
analysis (varying the energy of excitation and 
hhence varying the depth comesponding to the 
detected photoelectrons) to verify that the loca- 
tion of the 335.6-¢V component was on top, above 
the metallic Pad (22). However, when hydrogena- 
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Fig. 2. In situ Pd 3dso spectra of Pd foil under acetylene, 


“Pd-C” 
surface phase 
propyne, and 1-pentyne selective hydro- 


genation (A). The reaction mixture contained ~0.1 mbar alkyne and 0.9 mbar H,; temperature was in 
the range of 343 to 353 K. The red curve corresponds to Pd metal and the blue curve represents the 
sum of adsorbate-induced surface core-level shift components and of PdC. The dashed curve indicates 
the recorded spectrum. PAC forms with all three alkynes on Pd foil (but also on other Pd catalyst), 
rendering the Pd samples selective in the gas-phase alkyne hydrogenation processes. (B) Schematic 
‘epresentation of Pad catalysts operating in the selective and unselective alkyne hydrogenation regimes. 
Blue and orange balls indicate C in PAC and p-hycride in Pd, respectively. Green balls indicate an alkyl 
‘group or H. Blue patches symbolize carbonaceous deposits. (For clarity, no Cs adsorbates are depicted 
con the surface.) 
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tion became unselective [such as at high partial 
pressure of H, (pH,)]. much less C was incor- 
porated into the top few layers of Pd, which 
decreased considerably the Pd 3d component 
associated with PdC. The state of palladium de- 
pended strongly on reaction temperature as well 
(Gg. S3), when the concentration of Hz in the 
gas phase was near the limit of the phase tran- 
sition of Pa to Pd B-hydride (15). PAC appeared 
substantially above the decomposition temper- 
ature of B-hydride (fig. $3), 

To discover whether PAC formation is a gen- 
ral phenomenon during any alkyne hydrogen- 
ation reaction, we carried out fither investigation 
with other alkynes. The compilation in Fig. 2A 
shows that, with lower-chain alkynes, a similar 
dissolution of C in the near-surface region of 
palladium occurred and was indeed a general 
process of alkynes. Because itis likely that only 
stoms, rather than molecules, will penetrate into 
the metal lattice, many alkyne molecules must 
fragment in the early stage of the reaction, in 
agreement with numerous studies indicating: mas- 
sive imeversible C uptake at the beginning of any 
selective alkyne hydrogenation processes [(11) 
and references therein), and also in agreement 
‘with the activation period observed in such sys- 
tems. The mode! of Pd during alkyne hydrogen. 
ation is summarized in Fig. 2B. 

Carbon below the topmost layer of Pd has 
been observed with scanning tunneling micros- 
copy (16), and allowing C to occupy octahedral 
subsurface sites was also theoretically verified to 
be energetically favorable (17). These studies 
have indicated that, in general, subsurface spe- 
cies can trap surface adsorbates; but, according 
to Yudanov ef al (17), subsurface C will, for 
example, weaken the binding energy of CO to 
Pa Thus, C dissolved in the top layers modifies 
the surface electronic structure of Pd that appar- 
ently favors partial hydrogenation. Additionally, 
catalytic properties of Pd complexes in homoge- 
neous hydrogenation are strongly affected by the 
coordinating ligands (18). 

The rate-limiting step of alkyne hydrogena: 
tion is usually assumed to be the frst H-addition 
step, deduced mainly from surface-science ex- 
periments in C> chemistry, but this cannot ex- 
plain why selectivity should be a strong function 
of subsurface C content. However, the type of 
hydrogen involved in hydrogenation might be 
citicaly influenced by C incorporation. It was 
experimentally demonstrated (7), and later theo- 
retically validated (19, 20), that bulk dissolved 
Hi, being much mare energetic than adsorbed 
surface H, can hydrogenate surface adsorbates 
‘upon emerging to the surface, Temperature- 
programmed desorption experiments by Khan 
et al. (21), however, provided clear evidence 
that subsurface H strongly enhanced total hydro- 
genation of acetylene, whereas surface H alone 
(without any subsurface population) was much 
more selective toward ethylene. 

‘Provided that the conclusion of these surface- 
science experiments and density functional theary 
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calculations can be transferred to real catalytic 
conditions, C incorporated in the top Pd layers 
will strongly affect the transport of hydrogen, and 
thus distur the equilibrium of H between surface 
and deeper layers and hinder the participation of 
subsurface H in the catalytic process. To verify 
this hypothesis, the amount of H dissolved in Pd 
had to be quantified during the hydrogenation 
event. Because most of the spectroscopic meth- 
ods are not sensitive for hydrogen (or cannot be 
applied in sim), we developed existing prompt 
gamma activation analysis (PGAA) (22) into an 
in situ technique by placing a contimous-fiow 
reactor instead of a nommal specimen into the 
neutron beam. 

‘The miclei of the chemical elements can 
capture neutrons, and during the de-excitation, 
they emit characteristic prompt gamma radia 
tion. Hence, the H atoms dissolved in Pd could 
be analyzed with PGAA. When a fresh Pd black 
sample was introduced into flowing Hy at room 
temperature, the H content was 0.75 H per Pd 
atom (Table 1), in perfect agreement with the 
PWH phase diagram at | bar of Hp (15). The phase 
diagram indicates that f-hydride should contain 
0.73 H @PdHo73). However, when the H content 
wwas recorded after alkyne hydrogenation events, 
the ratio was slightly higher, 0.87 on average, 
which may indicate that carbonaceous deposits 
simply contain addtional hydrogen. When running 
unselective I-pentyne hydrogenation (HC, > 7), 
the H content is slightly higher, which means 
@ that the reaction proceeds on saturated 
hydride and (i) that additional deposits and 
adsorbates should carry even more H. This find- 
ing validates the idea that bulk-dissolved and 
subsurface H are very reactive but unselective 


Table 1. Steady-state atomic HP ratios of a 7-mg 
Pe black sample under Ho flow or under 1-pentyne 
hydrogenation, according to the in situ PGA. 
‘-pentyne flow was kept constant at 1.6 cm? min’ 
Temperature was near room temperature, except 
during high conversion, when the temperature 
rise of the adiabatic reactor was up to 10 K 
Because the sample had low dispersion (2%, the 
fraction of surface atoms), and the gas-phase 
contribution of H has been subtracted after care- 
ful background experiments, the value in pure H> 
approaches the bulk HiPd ratio corresponding to 
Prhydride. 


In Het 0.75 (0.08) 
{In Hp after hydrogenation events 0.87 (0.09) 
Unselective hydrogenation 0.92 (0.10) 
Selective hydrogenation 1¢ 0.18 (0.06) 
Selective hydrogenation 25 0.72 (0.10) 


“Fresh Pa Hack in owing He. During -pentyne urselec: 
‘ieydrogenation (ik experiments are averaged. $Durng 
selecive hydeogenstion, etter drecly fir H tresment ot 
there (rine experiments are averaged. sDuring selec 
tie hydrogenation, either drecy ater unselechve ttlhyero 
gonston evens of three (nie experiments are averaged. 


species and, furthermore, that equilibrium be- 
‘tween surface and bulk is maintained during total 
‘hydrogenation. 

However, when I-pentyne was hydrogenated 
atlow Hy(Cs ratios (<5), affer aroom temperature 
‘H, pretreatment, hydrogenation was selective and. 
the H/Pd ratio was low (0.15 on average). There- 
after, further selective 1-pentyne hydrogenation ex- 
periments always gave similar low H/Pd values. 
This value should arise as a sum of H in the 
adsorbates, hydrocarbonaceous deposits, and the 
low-concentraton a-hydride phase. However, if 
selective hydrogenation was achieved directly after 
total hydrogenation by decreasing the H, flow 
(at constant I-pentyne flow), the H/Pd ratio— 
‘measured not directly in the transient but after at 
Jeast half an hour on steam—was always high 
(072, averaged from nine experiments). These 
higher values were not accompanied by any sub- 
stantial changes in the activity or selocvity of the 
sample (fig. S4), which indicates thatthe reaction 
rate in the regime of selective hydrogenation is 
not affected by the amount of dissolved H or by 
the presence of bulk B-hydride. 

‘The PGAA experiments show that, during 
selective alkyne hydrogenation, the H content of 
palladium is not a direct function of the actual 
reaction mixture but reflects the prehistory of 
the sample, and also show that the surface prop- 
erties are necessarily decoupled from the bulk. 
This separation is made possible by the pro- 
pensity of Pd to fragment part of the hydro- 
carbon feed in the early stage of the reaction and 
dissolve the product C atoms in the topmost few 
layers. The high concentration of dissolved carbon 
excudes H_ffom populating the subsurface 
region and hence prevents total hydrogenation 
of alkyne. 

Having established the relation between se- 
lectivity and subsurface chemistry, and consid- 
ring the metastabilty of PAC (12), we considered 
‘whether the system could be brought to a state 
sensitive enough to induce selectivity fluctua- 
tions. Activity fluctuations in simple reactions 
(such as CO or Hp oxidation) on the nanoscale 
‘can be observed that arise from coverage fluctua- 
toms, hence, by pure surface origin, facilitating 
‘the formation of surface chemical waves and 
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different spatiotemporal pattems (23, 24). If the 
Kinetics of H subsurface diffusion, C dissolution, 
and the surface reaction comes to a period during 
which the population of the subsurface changes, 
spontaneous switching between the different 
hydrogenation regimes without modification of 
the experimental conditions is expected. Figure 3 
{indicates fuctuations observed during the PGAA 
experiments, in which the selectivity of I-pentyne 
hydrogenation switched between pentane and 
1-pentene formation at almost full conversion, 
‘According to PGAA results, the H content in 
this experiment was PdHo.ss (measured over the 
whole time on stream). The relatively high H, 
(HyC; = 10) ratio of the feed and the quick H 
dlffusion to the bulk ensured that unselectve hy- 
<drogenation dominated the inital period. Because 
€ dissolution during total hydrogenation pro- 
ceeds at a low rate, it takes a relatively long time 
unt a critical amount of subsurface C accurmu- 
lates to tum the hydrogenation selective. (If the 
rate of C dissolution is too low, no PAC will build 
up, because H hydrogenates away the C, and the 
hydrogenation remains unselective.) Because hy- 
ddrogenation is exothermic, and the reaction was 
rin adiabatically, the surface temperature when 
scective hydrogenation activated decreased (the 
thermo clement reading indicated a drop of tem- 
perature from 303 to 301 K), which changed 
Slightly the Kinetics of both C and H dissolution. 
Because C dissolution, requiring alkyne fragmen- 
tation, is expected to be more activated, H dis- 
solution should be more favorable at slightly 
lower temperatures and tum the selectivity to 
favor alkanes again, which makes switching back 
and forth possible. Considering the positive ef- 
fect of defects on decreasing the switching time 
between possible bistable regions in pure surface- 
related reactions (25) and the complex parameter 
field of hydrogenation (such as partial pressures, 
temperature, surface morphology, and support 
effects), the possible operational window of se- 
lectivity fuctuation is likely to be narow and 
requires adiabatic operation. However, kinetic 
iscontimutis [that is, switching between two dis- 
tinct activity (and sometimes selectivity) regimes] 
observed in a few other hydrogenation systems 
(26, 27) can be related to an analogous origin. 


Fig. 3. Spontaneous fluctuation of the re- 
action selectivity in 1-pentyne hydrogena- 
tion over 7 mg of Pa black during the in 
situ PGAA experiment with 16 cm? min“? 
‘of H and 1.6 cm? min™ of 1-pentyne flow. 
5, selectivity. Triangles indicate tempera- 
ture. Conversion levels were always >95%. 
The reactor was operated adiabatically, at 
near room temperature. (The lines are only 
‘a guide for the eyes) 
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Although gas-phase alkyne hydrogenation on 
palladium catalysts is a surface process, we have 
shown that the population of the subsurface 
region by either C or H will determine the surface 
events. This result suggests that not only the 
surface but also the subsurface region is affected. 
by the chemical potential of the reaction mixture. 
Because both H and C are part of the hydrogen- 
ation feed, the chemical potential creates feed- 
back circles, in the form of H or C dissolution, 
superimposed on the surface event and performs 
a major role in the selectivity of hydrogenation. 

We are aware that many other factors, such 
as promoters in the form of a second metal or 
selective poison, can strongly modify the hydro- 
genation selectivity. Our aim was to shed some 
light on the importance of subsurface chemistry in 
hydrogenation processes. We believe that to take 
the next step towant rational catalyst design, a 
critical leve! of understanding of both surface and 
subsurface dynamics in these and other complex 
processes of heterogeneous catalysis is required. 
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The Electrical Conductivity of 
Post-Perovskite in Earth’s D” Layer 


Kenji Ohta,* Suzue Onoda,” Kei Hirose,*** Ryosuke Sinmyo,* Katsuya Shimizu, 


Nagayoshi Sata,’ Yasuo Ohishi, 


Akira Yasuhara® 


Recent discovery of a phase transition from perovskite to post-perovskite suggests that the physical 
properties of Earth's lowermost mantle, called the D layer, may be different from those of the overying 
mantle. We report that the electrical conductivity of (Mga sFec.)SIO; post-perovskite is >10” siemens 
per meter and does not vary greatly with temperature at the conditions ofthe D” layer. A post-perovskite 
layer above the core-mantle boundary would, by electromagnetic coupling, enhance the exchange of 
angular momentum between the fluid core and the solid mantle, which can explain the observed changes 
inthe length of a day on decadal time scales Heterogeneity in the conductivity ofthe lowermost mantle 
is likely to depend on changes in chemistry of the boundary region, not fluctuations in temperature. 


comagnetic observations have shown 
that the electrical conductivity of the up- 
per to middle part of the lower mantle 
fs 1 to 10 Sim (1), consistent withthe laboratory 
‘measurements of the conductivity of silicate pe- 
rovskite (2-4), The possible existence of a highly 


Deparment of Earth ane Planetary Sciences, Taye nsitute 
of Technology, 2-12-1 Ockayara, Meguro, Tekyo 152551, 
Japon. “Crier for Quantum Science and Technelogy under 
Ereme Conditions, Osaka Univesiy, 1-3 Machikanejara, 
Tyonaka, Osaka 560-8521, Japan. “nstute fer Research on 
Earth Even, Jan Agency fer Marine Earth Science ard 
Tectnogy, 2-15 Natasha Yokuba, Karagawa 237-0061, 
Jpn. ‘japan Synchrotron Radiation Research insite, 11-1 
Kote, Saye, Hyogo 6795398, Japan. "OL Utd, 212 
Masashi, akishima, Telyo 196-8588, pan. 

To whom correspondence should be adéressed. malt: 
kei@gecsiechacip 4) 


‘conductive layer has been offen suggested in the 
deepest mantle from geophysical modeling (5, 6), 
‘where the recently discovered post-perovskite 
phase is dominant (7, 8). Ono et al. (9) specu: 
lated that post perovskite had a high conducti 
ty from the results of shock-wave experiments 
‘on Al,Os, which may be an analog. Here, 
report direct measurements of the conductivity 
of (Mg, Fe)SiOs post perovskite at pressures and 
temperatures comesponding to the conditions at 
the D” layer of the mantle 

We measured the de electrical conductivity in 
‘a laser heated diamond-anvil cell (DAC) (10, 12) 
Fig. 1) Gee supporting material) In the firstrun, 
‘we compressed a (Mga sFen.)SiOs amorphous 
sample to 37 GPa in a DAC at room temperature 
‘and then heated it to about 1800 K to synthesize 


perovskite. The resistance of untransformed ma- 
terial was ~10° Q, and it dropped by two orders 
of magnitude after the synthesis of perovskite 
Subsequently, the sample resistance was mea- 
sured with increasing temperature; it decreased 
from 21 MQ at 300 K to 20 k®2 at 1940 K. The 
conductivity was estimated to be about 1 S/m at 
high temperatures (Fig. 2). This value is substan- 
‘ally higher than that determined in (12) in a DAC 
but is reasonably consistent with the measure- 
ments on (Mo aF¢¢7)SiOs perovskite at23 GPa 
in a mult-anvil apparatus by Katsura et al. (3) 
‘Next, we futher compressed this sample to $8 GPa 
and carried out the measurements between 1580 
and 2290 K (Fig. 2) 

Similarly, in the second set of experiments, 
perovskite was first synthesized, and then the 
high-temperature conductivity measurements were 
performed up to 2700 K at 104 GPa and to 2660 
K at 117 GPa (Fig. 2). The conductivity was 
about 10 to 10 Sim at high temperatures, 
considerably lower than that measured at37 to 58 
GPa in the first run. We further squeezed this 
sampleto 143 GPa and reheated ito ~2000 K for 
20 min, During laser heating, the sample resist- 
ance drasicaly dropped by four orders of mag- 
nitude. This pressure is well within the stability 
field of ion bearing post perovskite (13, 14), sup- 
gesting that such a drastic change inthe resistance 
‘was a result of the perovskite to post perovskite 
phase transformation. The sample resistance re- 
‘mained almost constant at ~7 KO as the temper- 
ature was increased from 300 to 3000 K, which 
comesponds to a conductivity of 14 x 10? Sim 
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(ig. 2), Pressure should have increased at higher 
‘temperatures because of thermal expansion of the 
sample. If such an increase is considered, 
‘temperature may have a small negative effect 
on the electrical conductivity of post-perovskite 

Ina thint rim, we synthesized post-perovskite 
by heating the starting material to 2000 K for 
30 min at 129 GPa, The x-ray diffraction (XRD) 
‘patter indicated that the sample was dominated 
by post-perovshite but included lesser amount of 
perovskite, The sample resistance changed little 
from 31 KO at 300 K to 24 KO at 2500 K. The 
conductivity was estimated to be 4.9 10* Sim at 
100 K, with a small temperature dependence 


Fig. 2. (A) Microscopic image of the sample and 
electrodes. The quasi-four-terminal electrical re- 
sistance measurements were performed at high 
temperature in runs 1 to 3 (direct current of 
‘1 mA was applied through I+ to -, and the 
voltage drop between V+ and V— was recorded). 
In run 4 only, sample resistance was measured 
by a two-terminal method. (B) Schematic draw- 
‘ng of the configuration in a DAC. The Au elec- 
trodes were sandwiched between the samples 
and connected to Pt leads outside the sample hole. 


(Fig. 2). During decompression of this sample to 
102 GPa at room temperature, the resistance 
increased slightly. After the complete pressure 
release, the sample was examined under both 
‘transmission electron microscope (TEM) and 
fieid-emission-type scanning electron microscope 
(FE-SEM, HITACHI SU-70), with a spatial reso- 
ution of 1.0 nm. No metal-like phase was ob- 
served throughout the sample (fg. SI), In addition, 
the chemical composition of post perovskite 
‘was analyzed by energy-dispersive spectroscopy 
(EDS) and electron energy-ioss near-edge struc- 
ture (ELNES) spectroscopy equipped withthe TEM 
(Bg. S2). The results show that post-perovskite 


c 


Loser beam 
‘The sample and electrodes were insulated against Re 


gasket by a cubic BN layer. (C Close-up view of the sample during heating by laser. The sample and gold 
electrodes were heated from both sides by laser, which had a beam diameter of 30 or SO yim. Only the 
high-temperature part ofthe sample transformed to the high-pressure phase (see fig. S4 for a TEM image 


of the recovered sample). 


Fig. 2. Electrical conductivity (o) 
of perovskite and post-perovskite 
asa function of reciprocal tempera- 
‘ture. Squares, run 1; circles, run 2; 
triangles, run 3; diamonds, un 4. 
Open and closed symbols indicate 
‘measurements of perovskite and 
post perovskite, respectively. Previous 
data on perovskite by Katsura et al. 
(G) are also presented by crosses. 
‘The measured variations in temper 
ature between the electrodes are 
shown by error bars. 
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has a Mg/(Mg + total Fe) molar ratio of 0.89 and 
a Fe*"/(Fe™"+Fe**) ratio of 0.13 + 0.10, consist- 
cent with those of the starting material (table $1). 
This indicates that the Fe™ abundance in the 
sample remained unchanged during experiments, 
although we did not control the oxygen fugacity 
specifically. A fourth experiment corroborated the 
Jow conductivity of perovskite. We synthesized 
perovskite from the amorphous sample by heat- 
{ng to 2000 K for 30-min and then performed the 
conductivity measurements at 121 GPa, The con- 
ductivity was low between 1450 and 1950 K, 
pretty consistent with the results of rum 2 (Fig. 2). 

‘These results indicate thatthe electical con- 
ductivity of (Mg, Fe)SiO, post-perovskite is much 
higher than that of perovshite (Fig. 2). The post- 
perovskite phase has a stacked SiO, octahedral 
sheet structure with interlayer (Mg, Fe) ions (7,6). 
The high conductivity likely reflects the short 
FeFe distance in the (Mg, Fe) layer, which is 
shorter than that in perovskite (15). The lower 
conductivity of perovskite at 104 to 121 GPa than 
at 37 to $8 GPa could be due to the high-spin to 
Jow-spin transition of iron in perovskite (/6). A 
recent theoretical study (17) suggests that feric 
ion in perovskite undergoes spin transition above 
76 GPa at 0 K, although the pressure range of 
transition has been controversial. The conduction 
in the high-spin perovskite is dominated by a 
‘small polaron process of electron hopping between 
ferrous and ferric iron sites (2, 3). The unpaired 
electrons in the 3d orbital play important roles in 
this process, but the mumber of unpaired electrons 
of fersic iron decreases from five to one at this 
spin-pairing transition, thus resulting in a marked 
reduction in the conductivity, Similar reduction in 
the electrical conductivity has been observed for 
(Mg, Fe)0 ferropericiase between $0-and 70 GPa 
at room temperature (JJ, 18), and it has been 
attributed to the iron spin-paising transition as 
well (19). 

‘A layer with a high electrical conductivity 
above the core mantle boundary would enhance 
the electromagnetic (EM) coupling between the 
{uid come and soid mantle. It has been suggested 
that if the conductance of this layer is >10° S (at 
Jeast 3 = 10” S), the resultant exchange of angular 
‘momentum between the core and the mantle 
‘would be sufficient to change the length of a day 
con decadal time scales by a few milliseconds, as 
hhas been observed (5), although several other 
mechanisms have been proposed (20). Post- 
perovskite is a primary mineral of the D" layer 
below about a 2600-km depth (7, 8, 21). Our 
measurements on (Mg, Fe)SiO; post perovskite 
indicate that the conductance of the D” layer 
may be 4 * 10" S (the conductance is related to 
the conductivity and thickness of the layer). The 
post perovskite phase in the D" region actually in 
Cudes a certain amount of ALOs, which increases 
the Fe*(Fe*"+Fe™*) ratio in post-perovskite (22) 
and hence should further enhance the electrical 
conductivity. In perovskite, experiment (4) showed 
that inclusion of 2.89 weight percent Al;Os in- 
creased the conductivity by a factor of 3.5. The 
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conductance of the D” layer therefore may be 
high enough (>10* S) to account for the decadal 
variations in the length of a day. In addition, the 
EM coupling also affects the periodic precession 
of the Earths axis of rotation (mutation). The high 
conductance of the post-perovskite-ich D” layer 
may explain the retrograde 18.6- and 1.0-year 
nutations that have been observed (6). A 200-m- 
thick metalic solid layer atthe top of the core has 
been proposed as the source of these changes (6), 
but a ~300-km-thick post-perovskite layer pro- 
vides an altemative explanation 

Heterogeneity in electrical conductivity also 
hhas been inferred in the deep lower mantle from 
observations of geomagnetic jerks (23). The in- 
ferred higher conductivity undemeath A fica and 
southem Pacific has been attributed to higher 
temperatures there, corresponding to the regions 
‘with large low shear-wave velocity anomalies in 
the D” layer (24), Our measurements, however, 
show a minimal or even negative temperature 
dependence of the electrical conductivity of post 
perovskite (Fig, 2). Thus, such conductivity het- 
crogeneities in the D” layer, if any, could have a 
chemical origin rather than a thermal origin (25). 
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Graphite Whiskers in CV3 Meteorites 


‘Marc Fries* and Andrew Steele 


Graphite whiskers (GWs), an allotrope of carbon that has been proposed to occur in space, have 
bbeen discovered in three CV-type carbonaceous chondrites via Raman imaging and electron 
‘microscopy. The GWs are associated with high-temperature calcium-aluminum inclusion (CAI) 
rims and interiors, with the rim of a dark inclusion, and within an inclusion inside an unusual 


chondrule that bears 


jeralogy and texture indicative of high-temperature processing. Current. 


understanding of CAl formation places their condensation, and that of associated GWs, relatively 
close to the Sun and early in the condensation sequence of protoplanetary disk materials. If this is 
the case, then it is a possibility that GWs are expelled from any young solar system early in its 
history, thus populating interstellar space with diffuse GWs. Graphite whiskers have been 
postulated to play a role in the near-infrared (near-IR) dimming of type la supernovae, as well 
as in the thermalization of both the cosmic IR and microwave background and in galactic center 
dimming between 3 and 9 micrometers. Our observations, along with the further possibility 

that GWs could be manufactured during supernovae, suggest that GWs may have substantial 


effects in observational astronomy. 


arbon allotropes known to exist in carbo- 

naceous meteorites—ranging fom simple 

‘organic compounds, to macromolecular 
carbon, to graphite, to diamond—cover a range 
of formation temperatures (1). Adding to this 
list, we report the discovery of high-temperature, 
vapor-grown GWs in different mineralogical set 
tings in three CV-type carbonaceous chondrites. 
‘The identification and mineralogical context of 
this phase are indicative of carbon condensation 
in a higher-temperature regime than that asso- 
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ciated with the other carbon allotropes, with the 
possible exception of diamond, 

Graphite whiskers are essentially needle-like 
‘morphologies formed of rolled graphite spin 
dies. Graphite whiskers have been reported in 
‘two natura settings (2, 3), and several laboratory 
synthesis methods of GWs have been described 
(4-6), All known GW synthesis methods involve 
deposition from a carbon-containing gas at rela- 
tively high temperatures, ranging up to 2273 K 
in a furnace (4) and up to ~3900 K by arc dis- 
‘charge (5). Although the stability feld for GWs 
is crudely understood, Sears (7) showed on the 
basis of thermodynamics arguments that GW 
growth is favorable at high temperatures. 

‘The primary tool we used to locate GWs is 
confocal Raman imaging spectroscopy (CRIS), 


supplemented with scanning electron micros- 
copy (SEM). The Raman spectrum of GWs is 
distinctive among carbon allotropes (8-10), 
allowing the detection of individual whiskers 
even in the presence of other carbon phases. 
‘The GW spectrum is characterized by narrow 
G and D Raman peaks (~1585 and ~1345 em, 
respectively) and an unusually intense D* over- 
tone mode (~2690 cm’) that is diagnostic of 
this species Fig. 1). 

Graphite cones exhibit a spectrum very sim- 
ilar to that of GWs (6). These polymorphs are 
also composed of rolled graphite but taper to a 
point instead of forming a long needle-like mor- 
phology (1). The primary means of distinguish 
ing between the two forms is by the intensity 
of the D* Raman band and direct observation 
(Figs. 1 and 2). 

Pure whiskers, as produced by Tan et al. (8), 
exhibited a Raman D*/D band intensity ratio of 
about 16, whereas the GWs we found have a ratio 
of about 3 to 6 (Fig. 1). This effect may arse from 
clemental impurities in the natural system that are 
absent in the laboratory setting, which would 
alter the Raman spectrum through the addition of 
substitution defects and/or graphene edge func- 
tionalization. Another possibilty is that meteorite 
‘matrix carbon is adding intensity to the overall G 
and D bands. Additionally, the GWs could be dam- 
aged by sample preparation or partially masked 
from the Raman excitation laser Saito (12) eparisa 
continuum of GW morphologies—ranging from 
columnar shapes to fustrums, spindles, and even 
hourpiass shapes—in whiskers produced by an- 
coxic heat treatment of wood samples in excess of 
2273 K. This indicates that naturally derived 
systems produce a wide range of whisker morpho!- 
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gies, which is consistent with our Ri 
vations. In any event, the fundamental Raman 
spectral property of a high D*/D ratio is embiem- 
atic of whisker-ike graphite morphologies. 

We found GWs in three meteoritic settings 
‘The GWs found in the QUE 94366 CV mete 
orite reside within an inclusion in a type 1 FeO- 
poor chonsrule that appears to have cooled from 
‘an atypically high temperanure, as evidenced by 
reffactory mineral inclusions and its nearly 
single-crystal composition (Fig. 2, A and B) 
‘The GW-bearing inclusion i 


phase, chromite, and void space within a ~10um- 
diameter spherical body. No other carbon allo- 
tropes are in evidence, and the whiskers present 
are apparently hundreds of nanometers in length, 
because most of them appear to be confined 
within one or two 360-nm” image pixels. Whisker 
formation in this case rmust have occurred within 
the parent inciusion as the chondrule cooled from 
high temperature, fed by a carbon-tich gas trapped 
‘within the inclusion. CRIS allows fmaging within 
transparent minerals, and this example of a mete- 
critic GW is within an intact chondrule inciusion 
entirely contained within the host matrix. These 
GWs do not broach the surface of the this section 
and therefore cannot be contaminants, but itis 
also unlikely that GWs in this setting would be 
ected fiom chondrule interiors into interstelar 
space and so participate in modifying astronom- 
‘cal observations of distant objects, 

‘The second example of GWs is within com- 
pacted carbonaceous material in the alteration 
rim of a type A dark inclusion (DI in the NWA. 
3118 CV3 meteorite (Fig. 2, C and D). Dark in- 
clusions (13-15) are composed of CV meteoric 
‘material that has been subjected to strong heating 
followed by aqueous alteration. The discontinuous 
and porous DI rim includes andradite and hed- 
‘enbergite grains, with proposed formation tem- 
peratures greater than 1273 K (15). Although 
collisions on the CV parent body could conceiv- 
ably spall a small number ofthese GW into inter- 
planetary space, the rarity of such an event and 
luncertsines about the formation mechanism of 
Dis render these GW unlikely to participate in af 
feting astronamical observations of distant objects. 

A third example of GWs found in CAI rims 
and interiors is the most likely candidate for 
subsequent ejection into the interstellar medium. 
We examined nine CAIs in thin sections, fresh 
facture surfaces, and a potied butt in the Allende 
meteorite Fig. 2, E and F). One yielded a Raman 
signanure of GWs at the CAVCV matrix bound- 
ary, and five yielded GWs within the CAL 
interior. OF a total of 37 Raman images, each 
~200 jum" in area, 9 yielded Raman signatures of 
GWs wih a DD Gaussian ft intensity ratio of 
at least 3. One CAL yielded multiple whiskers 
that generally appear to be distributed in a band, 
although this distibution bears no immediately 
obvious connection with the minemlogy of the 
CAI (Fig, 3). The discovery of GWs incorpo- 
rated into CAls implies that GWs condensed 
during and immediately after CAI formation in 
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Fig. 1 Raman spectra of GWs from examples found in an Allende CA, a DI rim from NWA 3118, a 
‘chondrule inclusion in QUE 94366, and synthetic examples as compared against graphite. Note the 
prominent D* Raman peak around 2690 cm-*, which is twice the Raman shift of the D band. See 
text for discussion of the peak intensity variation. 


Fig. 2. (A) Transmitted fight image of chondrule in QUE 94366, showing nearly single-crystal 
‘morphology and opaque inclusions. (B) Image from boxed area in (A). The inclusion in the center, which is 
also showm in a Raman image (inset, contains sulfide, chromite, and GW. Inset scale bar, 1 um. (C) NWA 
3118 DI rim showing the boundary between DI and meteorite matrix containing porous andradite and 
hedenbergite grains. (D) Raman composite image from boxed area in (C) showing GW (red), andradite 
(green), and hedenbergite (blue). (E) SEM image of a tip of a GW exposed at afresh fracture surface in a 
CAL (F) A second whisker-ike object with the “halved spindle” morphology described by Saito (12). 
Energy-dispessive xray spectroscopy shows that the objects in (E) and (F) are composed of carbon. 
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Fig. 3. Reflected light image of a polished Allende CAl surface with overtaid Raman images of the 
intensity of a Gaussian fit to the D* GW band. Scale bars for the inset images are 2 jum, except for 
the scale bar in the largest inset, which is 2 jum. Note the elongated nature of most of the whiskers. 
Whiskers that appear rounded may be truncated by polishing, may be oriented perpendicular to 


the sample surface, or may actually have a conical morphology. 


the protoplanetary disk, very near the young 
‘Sun (6) and during a period when its poiar and 
X-wind outflow may have been active (27, 18) 

From hare, these GWs could have been ejected 
from the young stellar system into interstellar 
space, producing an example of GW production 
and expulsion that may be extrapolated onto other 
young stellar systems Furthermore, condensation 
‘of material ejected during supemovae may also 
produce GWs in a mechanism similar to that 
shown in meteorites. 

In astronomy, whisker (or needle) morpho!- 
copies of carbon, silicates, or iron have been in- 
vvoked to explain several phenomena. They have 
been used to mode! the observed attenuation of 
IR light in the 3- to 9-um range in observations 
of the galactic center and Cassiopeia A (19-22) 
that cannot be adequately explained by pop- 
ulations of polyeyclic aromatic hydrocarbons 
and spherical silicates, iron, and graphite grains 
(23, 24), Whiskers have been proposed to ex- 
plain the apparent dimming of type Ia super- 
novae (SN Ia) and also for attemtating cosmic 
‘microwave background radiation (2/, 22, 25-27), 
although the later interpretation has been chal- 
lenged (28). In the case of IR dimming of SN 
Ja, models invoking spherical (or “gray”) dust 
show that the extinction of light in visible wave- 
lengths would occur before dimming in the near 
IR (29, 30), However, it has been calculated that 
inclusion of GWs at a concentration as low as 
(0.1% would produce the observed dimming with 
out obstructing visible wavelengths (31, 32) 
With the discovery of GWs in a meteoritic set- 
ting, their physical properties are now available 
for testing against these models and observa- 


tions. Optical effects from these whiskers may 
‘have implications for interpreting data on super- 
nova brightness that have been used to support 
the notion of dark energy (33, 34). 
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Covariant Glacial-Interglacial Dust Fluxes 
in the Equatorial Pacific and Antarctica 


Gisela Winckler,** Robert F. Anderson,** Martin Q. Fleisher, David McGee,** Natalie Mahowald” 


Dust plays a critical role in Earth's climate system and serves as a natural source of iron and other 
micronutrients to remote regions of the ocean. We have generated records of dust deposition over 
‘the past 500,000 years at three sites spanning the breadth of the equatorial Pacific Ocean. 
Equatorial Pacific dust fluxes are highly correlated with global ice volume and with dust fluxes to 
‘Antarctica, which suggests that dust generation in interhemispheric source regions exhibited a 
‘common response to climate change over late-Pleistocene glacial cycles. Our results provide 
quantitative constraints on the variability of aeolian iron supply to the equatorial Pacific Ocean 
‘and, more generally, on the potential contribution of dust to past climate change and to related 


changes in biogeochemical cycles. 


ing the radiation budget of the atmo- 
sphere (J) and indirectly by influencing 
the biological uptake of CO. by the oceans (2) 


D=== both directly by alter 


and the exchange of radiatively active gases with 
the atmosphere (3), Thus, dust may have been an 
{important player in climate change in the past and 
{is potentially one in the future. Polar ice core 
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recon (e.g, (4)] provide evidence that glacial 
dust deposition at high latitudes was as much as a 
factor of 25 higher than during interglacial pe- 
rods, However, research on the role of dust in the 
past has been hampered by the scarcity of well 
resolved internally consistent reconds of dust dep- 
sition at low latitudes (5), where changes may 
have important impacts on marine biogeochemistry 
(6), surface radiation (7), and the hydrological 
cycie (8). 

Because of the potential importance of dust 
in forcing climate change, considerable effort is 
now devoted to including dust-generating pro- 
cesses in climate models (9-17). Complementary 
modeling endeavors to simulate the impact of 
dust deposition on marine biota, nutrient cycles, 
and atmospheric CO, (6, 12). These impacts ap- 
pear to be particularly important in high mutrient— 
low chlorophyll regions (HNLC) such as the 
‘equatorial Pacific Ocean, where concentrations 
of mutrients are high, yet chlorophyl, or primary 
‘production, is low. Phytoplankton growth in the 
equatorial Pacific has been shown to be limited 
by iron supply (13). Because aeolian dust is a 
substantial source of iron, changes in dust input 
have the potential to affect the ecosystem struc- 
ture and carbon cycle inthis iron limited region. 

“Efforts to quantify dust related impacts on elt 
‘mate and ocean biogeochemistry inthe equatorial 
Pacific region have been limited by uncertainty 
as to the magnitude and even sign of glacial- 
{interglacial dust flux changes. Several studies have 
reported increased dust fluxes during interglacial 
periods (4) or dust faxes unrelated to glacial- 
{interglacial cycles (15). Others have found dust 
accumulation maxima during glacial periods, as 
recently shown along short meridional transects 
in the eastem (76) and central (J7) equatorial 
Pacific Ocean. 

Here, we present a reproducible and self 
consistent reconstruction of the aeolian dust fx 
across the equatorial Pacific from marine sedi- 
ments deposited aver the past 500,000 years. 
ur transect spans from the eastem equatorial 
Pacific [Ocean Driling Program (ODP) site $49; 
1O.S"W, 0.2°N], across the central equatorial Pa 
cific (TTNOL3-PC72; 0.0°N, 139.4°W), tothe west 
em equatorial Pacific (ODP site 806; 1593°E, 
03°N, RCI7-177; 159.5°E, 175°N) (Fig. 1) (18). 
‘We use common thorium (“Th), a trace element 
enriched in continental crust and low in basaltic 
volcanic material, as a tracer for lihogenic mate 
sal, which, in emote regions in the Pacific Ocean, 
{s predominantly derived from aeolian dust supply 
(ID, A survey of circum Pacific dust and loess 
data (16) shows that 7*°Th concentrations in po- 
tential dust source areas fall within 1 part per 
million (ppm) of the average concentration of 
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upper continental crust (10.7 ppm) (19). The 
validity of 7Th as a dust proxy is supported by 
the linear relationships at three of our sites 
between *"°Th and terrigenous *He (fig. S1), an 
independent proxy for the lithogenic component 
that has been successfully used to reconstruct dust 
‘Buses in marine sediments (20, 21). Because “Th 
ddata are available at much higher resolution than 
He in our cores, we focus here on "Th. 

‘We evaluated dust fluxes by normalizing 7°Th_ 


‘concentrations to **°Th. This relies on 
the observation that the fux of "Th to the sea 
floor approximately equals its known production 


rate from U decay in the overlying water column, 
thereby allowing the fux of any sedimentary 
‘constituent to be estimated fiom the ratio of the 
‘concentration of the constituent to that of "°Th 
[oomected for decay and detrital "Th (18)), There 
is curently an intense debate over the best ap- 
proach to determine fuxes in marine sediments 
(22, 23), Equatorial Pacific dust fuxes presented 
hhere exhibit excellent intemal consistency across 
‘a wide geographical region and very different pro- 
ductivity egimes, as wel as consistency with global 
ice volume and with dust fnxes from Antarctica. 
‘The lack of consistency among earlier records 


previous records. In addition, variable preserva- 
tion of CaCO; in equatorial Pacific sediments 
may have introduced systematic errors in 8'°O- 
‘based age models. The use of °°Th-normalization 
reatly reduces the sensitivity of derived fluxes to 
such errors and this contributes to the consistency 
among the dust fux records presented here. 
‘fier conversion to dust mass fuxes by divid- 
ing by the average 7°Th concentration of upper 
continental crust (10.7 ppm) (29), our ™*Th-based 
Holocene dust faxes can be cross-calibrated with 
‘modem observations from sediment trap studies 
(Table 1). Agreement between our estimates of 
Holocene dust fluxes and the sediment trap fixes, 
desived fiom independent proxies, is excellent, 
‘with respect to both absolute fluxes and the ob- 
served west-east gradient. The westeast gradient 
fn dust fxes is also consistent with in stu obser 
vations of dust fuxes by aerosa! collection (24), 
Dust fuses in the central and eastem equa 
torial Pacific are comparable, with slightly higher 
‘fuxes atthe central Pacific location (Table 1 and 
Fig. 1). Dus fluxes at two locations in the westem 
Pacific, both on (ODP site 806) and off (RC17- 
177) the equator, are similar to one another and 
are consistently a factor of 3.5 higher than in the 


reflects, in part the limited age resolution of many central and eastem regions. 
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Fig. 1 Correlation of 77h fluxes (red, reverse scale) with global ice volume, as traced by the oxygen 
isotopic composition of foraminifera (black), for (A) ODP site 806C and RC17-177 in the western 
‘equatorial Pacific Th isotope data from (34; planktonic 50 from (35)] i 
‘equatorial Pacific [Th isotope data from (27) and from this study, benthic 5120 from (25)], (C) ODP site 
849 from the eastern equatorial Pacific [Th isotope data from this study; benthic 5'°0 from (33)]. 7>°Th 
fluxes are highest at maximum glacial conditions (as indicated by maximum 5°°0) and lowest at minimal 
ice coverage. The limited resolution of the records does not allow us to decipher a lead-lag relationship 
between dust flux and ice volume change at terminations. 
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Table 1. Observation- and model-based estimates of dust fluxes to the Equatorial Pacific. 
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dust fluxes tothe equato- 
‘ial Pacific (TINO13-PC72, 
ted) and Antarctica [Euro- 
‘pean Project force Coring 
in Antarctica (EPICA) site 
Dome C (€D0, blackl. 
Dust fluxes at Dome C 
hhave been compiled from 
dust concentration data 
(4) and accumulation 
rates, derived from the 
new time scale EDC3 


for the Dome C record; 
'8"0-derived age model 
(25) for TINO13-PC721. 
IMIS indicated along the 
‘ight age axis. 


Antarctic dust flux [g m* yr") 
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Throughout the past five glacial cycles, dust 
fluxes at all sites show striking correlation with 
8°*0 of foraminifera, which primarily tracks glob- 
al ice volume (25), The amplitude of glacial- 
interglacial variations in dust fluxes, derived by 
comparing maximurn (glacial to minimum (nter- 
glacial) 7°Th fluxes (ble $3), is consistent 
among all four Jocations, with glacial dust fluxes 
about a factor of 2.5 higher than interglacial 
‘fuxes. This indicates relatively uniform glacial/ 
{interglacial changes in dust regimes throughout 
the entire equatorial Pacific region, independent 
of the absolute dust ux levels. 

The dust fu record from the equatorial Pa- 
cific is closely correlated to the dust flux re- 
construction ftom Dome C in Antarctica (4) 
Fig. 2), While the dust flux levels are much 
Jower in Antarctica than in the tropics, and the 
relative placial-integlacial variability of the trop 
cal records is an order of magnitude smaller than 
for the polar record, the reconts show very simi 
Jar behavior over five glacial cycles. Both records 
show the same rapid changes, such as the dust 
flux decrease over the last glacial termination. Ev 
sborbital signals suchas increased dust ux during 
‘marine isotope stage (MIS) 4 and the reversal in 
MIS 7 covary inthe tropics and Antarctica. 

The excellent comelation between dust uxes 
recorded in the tropics and in Antarctica is par- 
‘Scularly stunning given thatthe records from the 
two regions are based on different paleoarchives, 
and consequently independent age models, as 
wel as different dust measures. Furthermore, the 
records represent at least three distinct source 
areas, Previous studies have found that most of 
the dust deposited in the westem and central 
equatorial Pacific originates in Asia (24, 26, 27), 
whereas the dust deposited in the easter 
equatorial Pacific is predominantly derived from 
sources in northem South America (27, 26. 
‘Support for this source distribution comes from 
the regional pattems in the *Hejeq-7"Th charac- 
teristics (fig. SI), which point to similar dust 
sources for the west and central Pacific but sug- 
esta distinct dust source for the eastern Pacific. 
‘The lower *Hejq/"Th ratios at the eastem site 
are consistent with a dominant influence fram a 
‘younger (“He-poor) dust source of northem South 
‘America. The dominant source for dust reaching 
‘Antarctica is Patagonia (29), 

The similar glacial-integlacial amplitude in 
deposition of dust from Asia (as seen in the 
‘westem and central equatorial Pacific) and nonh- 
em South America (as recorded in the eastem 
equatorial Pacific site) indicates quantitatively 
similar environmental responses to climate vari 
ability by dust mobilization processes in these 
Jow-and mid-latitude climate regions. Local pro- 
cesses affecting dust production appear to be 
subsidiary. In contrast, the much larger glacial 
dust ux increase in Antarctica (.e, increase by a 
factor of 25 in Antarctica versus a factor of 2.5 in 
the tropical Pacific) suggests that local processes 
in Patagonia may have amplified dust generation 
in this source region. Specifically, the advance of 
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Fig. 3. Zonal gradients in dust 1 
fluxes across the equatorial Pacific 
from various recent model simula~ 
tions (solid lines) and observations 
from sediment cores and traps 
(triangles) Model results are listed 
{n chronological order oftheir pub- 
lication: European Centre Hamburg 
‘Model 3 (ECHAM) [black, 9], Mod- 
el of Atmospheric Transport and 
Chemistry (MATCH) [pink, (39) 
Composite fblue, (3)], and Commu- 
nity Climate System Model-Slab 
Ocean Model with Biome3 sources 
(CCSM-SOMB) olive, (22)]. The 
Wwest-east decrease in the observa- 
tions is not reflected by most dust 
models and is the reverse of the 
strong westeast increase in the 
‘most recent model simulation (12). 


Dust flux [g m® yr] 


0.01 


the Patagonian ice sheet during glacial periods, 
‘which increased glacial erosion and deposition of 
fine-grained glaciogenic sediments in extensive 
outwash plains, provided enhanced availabilty 
of dust to be exported to Antarctica (30), This ice 
sheet-driven amplifier of dust prostuction isl 


toast, in stark contrast to the strong west1o-cast 
decrease by a factor of 3.5 in *Th-based dust 
fuses. 
Discrepancies are even more apparent forthe 
models simulating climate conditions at the Last 
Glacial Maximum (LGM). Earlier mode's (9) 


relevant for tropical and mid-latitude dust sources 
because of the absence or limited size of ice 
sheets in these regions. 

‘Three factors have been identified to explain 
higher dust fluxes in glacial periods compared 
‘with interplacials: a less vigorous hydrological 
cycle resulting in reduced washout, increased 
glacial wind intensities leading to increased dust 
entrainment, and expanded dust source areas [see 
(31) for a review]. Although there is uncertainty 
conceming the complex interplay of the factors 
influencing dust generation in any particular re- 
sion, we infer from the synchronous changes in 
dust fuxes seen in our records that in each of the 
source areas, that is, Asia, northem South America, 
and Patagonia, the dominant processes regulating 
dust generation experienced a coherent response 
‘to global climate change. This response is consist 
‘ronmental changes, such as the near-synchronous 
{nterhemispheric termination of the last glaciation 
inferred from temperate mountain glacial records 
(32), By this scenario, the consistent dust flux 
variations among different source regions sug- 
gests that the interhemispheric synchronicity is 
‘not limited to the last temmination but extends 
back over at least the last five glacial cycles. 

The need for deeper understanding of the 
processes that regulate dust generation and trans- 
Portis demonstrated by the discrepancies berween 
‘measured dust fluxes and several state-of the-art 
‘model simulations (Table 1 and Fig. 3) Improve- 
ment to mode's over the past decade have 
brought modeled dust fhuxes into the appropri- 
ate magnitude ranges for the equatorial Pacific. 
‘However, most models predict dust fuxes that 
are either relatively uniform zonally or, as for the 
‘most recent simulation (1/), increase from west 


96 


inferred LGM/modem dust ux ratios ranging 
from 12 to 105, greatly exceeding our glacial/ 
interglacial dust fx ratio of 25, while a more 
recent dust sinmfation (7) produced dust fluxes 
during the LGM that are lower than under mod- 
‘em conditions, at odds with greater glacial dust 
fluxes inferred from the sediment reconds. The 
‘newer model (/#) also produces LGM dust fuxes 
that increase from west to east by about a factor 
of 6, in strong contrast to the observed decrease 
‘bya factor of 3S in ourTh-based reconstruction. 

Research on the roe of tropical dustin climate 
variability, as well asin climate-related changes 
in marine ecosystems and biogeochemical cycles, 
thas been limited until now by the lack of intemally 
‘consistent well- resolved records of dust flux. Re- 
sults presented here should help to better con- 
strain models of dust generation and transport. In 
addition, the coherent responses of dust fhuxes 
from widespread source regions will serve as a 
basis for new hypotheses linking dust fluxes to 
climate change. 
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Selective Blockade of MicroRNA 
Processing by Lin28 


/as R. Viswanathan,’ George Q. Daley,*** Richard |. Gregory** 


‘microRNAs (miRNAs) play critical roles in development, and dysregulation of miRNA expression has 
been observed in human malignancies. Recent evidence suggests that the processing of several 
primary miRNA transcripts (pri-miRNAs) is blocked posttranscriptionally in embryonic stem cells, 
embryonal carcinoma cells, and primary tumors. Here we show that Lin28, 2 developmentally 
regulated RNA binding protein, selectively blocks the processing of pri-let-7 miRNAS in embryonic 
cells. Using in vitro and in vivo studies, we found that Lin28 is necessary and sufficient for blocking 
Microprocessor-mediated cleavage of pri-let-7 miRNAS. Our results identify Lin28 as 2 negative 


regulator of miRNA bi 


jenesis and suggest that Lin28 may play a central role in blocking miRNA- 


‘mediated differentiation in stem cells and in certain cancers. 


‘fcroRNAS (miRNAs) constitute a large 
family of short, noncoding RNAs that 
postiranscriptionally repress gene ex- 

pression in metazoans. Mature miRNA are 

produced from primary miRNA transcripts (pri- 
miRNAs) through sequential cleavages by the 

Microprocessor, comprising the ribomuclease [Il 

Drosha component and the double-stranded 

RNA (dsRNA) binding protein DGCRS (1, 2) 

and Dicer (3,4) enzyme complexes, to release pre- 

miRNA and mature miRNA species, respectively. 

Postiranscriptional contol of mRNA expression 

has been reported to occur in a tissue-specific (5) 

and developmentally regulated fashion (6-8), 

‘The processing of several primiRNAsis blocked 

{in embryonic tissues, with activation of process: 

{ng occurring only as development proceeds. In 

addition, it has been reported that certain pri- 

miRNAS are highly expressed in human (9) and 

‘mouse embryonic stem (ES) cells, mouse embry- 

‘onal carcinoma (EC) cells, and fuman primary 

tumors; however, the comesponding manure: spe- 

cies are not detectable (7). This suggests that there 
may be a posttranscriptional block in miRNA 
biogenesis, the mechanism of which has remained 
unknown. In ES and EC cells, the magnitude of 
the Microprocessor processing block is greatest 
for members of the let-7 family of miRNAs, al- 
though ithas been proposed thatthe processing of 
all miRNAs may be regulated at the Micropro- 

cessor step (7). 

We observed that the pri-let-7g transeript is 
readily detectable in ES cells and remains at ret 
tively constant levels over the couse of different 
ation into embryoid bodies (Fig. 1A). In contrast, 
mature let7g is undetectable in undifferentiated 
ES cells but is strongly induced afier day 10 of 
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differentiation (Fig. 1B). A postirnseriptional in- 
duction of et7g expression his also been reported 
during the differentiation of P19 EC cells with 
retinoic acid (7). We sought to understand the 
mechanism for the postiranscriptional block in 
miRNA processing in EC and ES cells. We first 
compared cell exacts fom different cell types for 
their ability to inhibit Microprocessor-modiated 
cleavage of primiRNA substrates to the corre 
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sponding pre-miRNAS in vitro (Fig, 1C). Radio- 
labeled primiRNA substrates were preincubated 
with cell extract and were then subjected to pro- 
cessing by affinity purified Microprocessor com- 
plex. Whereas extracts from undifferentiated P19 
cells readily inhibited Microprocessor-medisted 
cleavage of pri-let7g to pre-let-7g, cell extracts 
from difrentiated mouse embryonic fibroblasts 
(MEFs) didnot inhibit cleavage. Thus, the cell-type 
specificity ofthe in vivo Microprocessor processing 
block was recapiulated in our in vito assay. 

We surmised that a protein factor or factors 
present in ES and EC cells might be inhibiting 
Microprocessor-mediated processing of pri- 
miRNAs, and we used a biochemical approach 
to identify this factor Electrophoretic ge! mobility 
shift assays using a labeled pre-let-7g probe iden- 
tified a specific band shift present in P19 EC and ES 
cextoct but not with MEF extract (fig. $1). This find 
ing suggested that pree-7g could be wed as an ef 
{etive affinity reagent for purification of the factor(6) 
responsible for the Microprocessor processing 
block, Pre Set 7g was conjugated to agarose beads 
and incubated with whole-cell extract from P19 
cells. The affinity eluate was subjected to SDS- 
polyacrylamide ge! electrophoresis (SDS-PAGE) 
{followed by colloidal taining, Bands were excised 
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Fig. 1. Posttranscriptional control of prilet-7g processing. 
(A) Reverse transcription PCR for prilet-7q transcript las. 
described in (7)] during ES differentiation to embryoid 


bodies. Actin serves 2s control (B) Northern blot showing posttranscriptional induction of mature let-79 
during embryoid body formation; SS rRNA serves a5 loading contol. (C) In vitro pr+-miRNA processing 
reaction using radiolabeled prilet-7g as substrate. Pr-miRNA was preincubated with various amounts of 
19 cell extract or mouse embryonic fibroblast (MEF) extract before processing reaction with Flag-Drosha 
immunoprecpitate (Gee supporting ontine material). The ratio of pre-miRNA to pri-miRNA was quan- 
titated by densitometry and values were normalized to the Microprocessor-only lane. (D) Quantitative PCR 
analysis of gene expression during embryoid body formation of a feeder-free mouse ES line (11 ES). Data 
are the average of experimental triplicates performed on the RNA samples from (B). Top, Prilet-7g and 
‘mature let-7g; middle, Lin28; bottom, pluripotency factors Oct-4 and Nanog. 
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and subjected to mass spectroscopic sequencing in 
three segments (ig. S2). Sequencing revealed sev- 
eral RNA binding proteins copurifying with pre- 


‘protein complex (2) (fig. S2). 


Fig. 2. Lin28 inhibits primiRNA pro- 
cessing in vitro, (A) a-Flag—Western 
blot to confirm expression of Flag 
‘tagged proteins for use in in vitro as- 
says. (B) In vitro pri-miRNA processing 
reaction on pri-let-7g (left panel) and 
prelet-7a (right panel) substrates in 
the presence of mock, Flag-Lin28, 
Flag-hnRNPAA, or Flag-Mst2 immu- 
‘nopreciptate. Quantitation was nor- 
‘malized to the Mmicroprocessor-only 
lane. (Q In vitro pri-miRNA process- 
‘ng reaction on pri-let-7g (left paneD 
and pri-miR-15a/16-1 (ight paneD sub- 
strates in the presence of either mock 
or Flag-Lin28 immunoprecipitate and 
competitor tRNA. Quantitation was 
normalized to the mock-IP lane. (0) 
Invitro pr-miRNA processing reaction 
on prilet-7g (left panel) and prifet- 
7a (right pane) substrates in the 
presence of rHis-Lin28. Quantitation 
was normalized tothe Microprocessor- 
only lane. 
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3. Ectopic expr 
of Lin28 selectively inhibits 
[premiRNA processing in vivo. 
{(A) In each panel, 293T ces 
Were untransfected (lane 1), 
cotransfected with the ind 
cated pri-miRNA and 0.5 41g 
of pCMV-Flag empty vector 
lane 2), or cotransfected with 
‘the indicated pri-miRNA and 
05 jig of Flag-Lin28 cDNA 
(lane 3). Total RNA was col 
lected 40 hours ater transfec- 
tion and subjected to Norther 
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analysis of pri-let-7g levels [average of experimental triplicates performed on 
the RNA samples from upper right panel of (A) (C) Mature le-7g levels upon 
cotransfection of 293T cells with pri-let-7g and pCMV-Flag, Flag-Lin28, Flag 
hhnRNPA2, Flag-hnRNPL, Flag~YBX-1, or Flag-Msi-2 cDNAS, as measured by 
quantitative PCR. First, the amount of mature let-7g in each sample was 
calculated relative to untransfected control cells; then, Flag-protein co- 
transfected samples were normalized to the corresponding pCMV-Flag co- 
transfected samples. (D) Quantitative PCR showing changes in levels of 
endogenous mature miRNAS upon transfection of Flag-Lin28 in 293T cells. (E) 
Quantitative PCR showing accumulation of endogenous prlet-7g upon 
‘transfection of Flag-Lin28 in 293T cells For (C) to (), values are given as 
average SEM from two or more independent transfections. 
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{following reasons: () Mutations within its RNA 
binding domain have been shown to impair de- 
‘velopmental timing regulation in Caenorhabditis 
elegans (10), (i) it is expressed specifically in 
‘undifferentiated P19 cells, mouse ES cells (1), and 
humm ES cells (12) and is down-regulated upon 
differentiation; (ii) a mummatian Lin28 homolog, 
‘Lin2SB, is overexpressed in hepatooelular carcino- 
‘ma, and overexpression of this gene promotes 
cancer cell proifaton in vitro (13); Gv) it has 
been reported that Lin2S is expressed in embryonic 
‘muscle, neurons, and epithelia in a stagespecific 
fashion, and Lin28 is crucial for appropriate ske!- 
etal muscle differentiation (11), and (v)Lin28 was 
recently used with three other factors to reprogram. 
‘human somatic fbroblasts to pluripotency (1-4). 
We examined the kinetics of Lin28 expres- 
sion during embryoid body formation (Fig. 1D) 
‘Lin28 is down-regulated upon ES cell differ 
entiation, with kinetics that are delayed re‘atve to 
the known pluripotency factors Oct-4 and Nanog. 
‘This down-regulation of Lin28 temporally coincides 
‘with activation of prile-7 processing (Fig. 1D). 
To explore the possibility that Lin28 may 
regulate pri-let7 processing, we confirmed that 
‘Lin28 is capable of binding both pre-let-7g and 
prilet-7g in a cosedimentation assay (fig. S3). 
‘We then tested the ability of Lin28 to functionally 
block pri-miRNA processing in vito, We observed 
that a Flag immunoprecipitate containing Flag- 
Lin28 potently inhibited the processing of both 
prilet-7a and pri-let-7g in vito. Flag immuno- 
precipitates containing the contro! RNA binding 
‘proteins Flag-hnRNPAI and Flag-Msi2 had no 
effect on pret 7a and prilet- 7p processing (Fig. 2, 
A and B), Fig-Lin28 immuoprecipitate did not 
impair the processing of pr-miR-15a/16-1, which 
demonstrates the selectivity of the miRNA process- 
ing block (Fig. 20). We next purified bacterially 
expressed HisLin28 (Fig. 2D) and tested this 


recombinant Lin2S (¢Lin2S) for its ability wo block 
PELMIRNA processing n vito. oin28 inhibited the 
processing of both prie-7a and pret 7g (Fig. 
2D) Therefore, Lin28 is sufficient wo inhibit miRNA 
Processing atthe Microprocessor step. 

To determine whether Lin28 is capable of 
blocking miRNA processing in vivo, we intro- 
duced four pri-miRNAS in either the presence or 
absence of mouse Lin28 cDNA into 293T cells, a 
‘transformed human cell ine that lacks Lin28. In 
the absence of Lin28, all ectopic pr-miRNAs 
‘were efficiently processed to their mature form 
Fig. 3A and fig. S4). However, ectopic expres- 
sion of Lin28 completely blocked processing of 
both pri-let-7a and pri-let-7g, whereas processing 
of pri-miR-1Sa and pri-miR-122 was largely 
‘unaffected (Fig. 3A and fg. $4). Cotransfection 
of pré-let-7g and Lin28 led to accumulation of 
Pvlet-7g (Fig. 3B), consistent with the notion 
that Lin28 blocks miRNA processing at the Mi- 
croprocessor step. We performed these cotrms 
fection experiments with four control RNA binding 
proteins (YBX-1, Msi-2, hnNPA1, and hnRNPL) 
to confirm that this block in processing of prilet-7 
miRNAs specific to Lin2S (Fig. 3C and fg. $5). 
Finally, totest whether Lin28 is capable of blocking 
endogenous miRNA. processing (as opposed 19 
only blocking the processing of ectopically ex- 
pressed pri-miRNAs), we transfected Lin28 cDNA 
into 293T cells and measured leve's of several ma- 
ture miRNAs after 4 days by quantitative polymer- 
‘ase chain reaction (PCR). We observed! decreased 
endogenous levels of mature 1-7 family members, 
levels of endogenous mane miR-21 were un- 
affected (Fig. 3D). Decreased mature Jet7g upon 
[Lin28 overexpression was accompanied by a cor- 
responding increase in levels of pe-iet72 (Fig. 3E). 

‘We sought to detenmine whether Lin28 is an 
endogenous blocker of miRNA processing in em- 
‘bryonic cells. We used three different short hairpin 
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RNAs (shRNAs) and a small interfering RNA 
(RNA) tapeting Lin28 to knock down endoge- 
nous Lin28 in P19 EC cells (Fig, 4A) and ES cells 
(Bg. $6). Knockdown of Lin28 led to an induction 
of mature lt-7g in both P19 cells (Fig. 4B) and ES 
calls (fg. SAB), indicating that Lin28 serves to 
inhibit miRNA processing in vivo (Fig. 4B), All 
1et-7 family members tested were substantially up- 
regulated upon knockdown of Lin28, whereas 
Jeve's of other miRNAs were unchanged (Fig, 4D 
and fig. $7). Induction of mature let7 miRNAS 
ocurred within 60 hours of Lin28 knockdown, 
Whereas let-7 miRNAs were normally induced 
only after 10 days of ES and P19 differentiation, 
‘when endogenous Lin28 levels fell (Fig. 1A) (7) 
Therefore, the induction we observed likely 
represents a direct effect of Lin28 on pri-miRNA 
processing rather than an indirect consequence of 
cell differentiation. In support of this notion, we 
observed no decrease in levels of the pluripotency 
‘markers Oct-4 and Nanog upon knockdown of 
Lin28 over the time course of our experiment 
(Fig. 4F). Furthemmore, global miRNA profiling 
detected up-regulation of only let-7 miRNAs upon 
Lin28 knockdown, underscoring the specificity of 
‘Lin28 in regulating let-7 miRNAs (fig. S7). 
‘ALin28 homolog, Lin28B, is overexpressed in 
Juman hepatoceliular carcinoma as well as in sev- 
zal cancer call lines (13), Two isofonns of Lin28B, 
differing in their 5’ exons, have been reported. 
‘The short isoform (Lin2SB-S) preserves the two 
retroviral-type CCHC zinc-finger motifs present 
in the long isoform (Lin28B-L) but contains a trun 
cated cold-shock domain Lin28B-L overexpression 
{Induces cancer cell proliferation, whereas Lin28B-S 
overexpression has no effect (/3). We found that 
‘Lin28B-L potently inhibited the processing of pri 
Jet7g (fig, S8), whereas Lin28B-S did not. Hence, 
the previously reported oncogenic properties of 
Lin28B may be modiated, at least in part, through 


Fig. 4. Knockdown of Lin28 re- 
lieves the miRNA-processing 
block. P19 ces were transfected 
vith control hairpin (FPO, pLKO.1- 
shRNA hairpins targeting Lin28, 
control sRNA (scrambled sequence), 
fr Lin28 siRNA. Total RNA was 
collected 60 hours after transfec- 
‘tion for analysis (A) Quantitative 
PCR analysis of Lin28 expression, 
normalized to Lin28 expression 
with control hairpin or control 
SiRNA [average of experimental 
triplicates performed on the RNA 
samples from (8) (B) Northern 
blot for mature let-7g. (©) Confir- 
‘mation of Lin2B knockdown using 
Lin28-Si2.on samples analyzed 
in (0). (D) Changes in mature 
miRNA levels upon knockdown 
of Lin2B as analyzed by quanti- 


tative PCR. (E) Levels of pri-et-7g upon knockdown of LinZ8 in P19 cells (F) Levels of the 
pluripotency markers Oct-4 and Nanog in P19 cells transfected with either control siRNA or 
Lin2-si. n (Q to (P, error bars represent SEM with W = 3. 
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blockade of let7 processing. It is possible that 
Lin28 and Lin28B may require both the cold- 
shock domain and CCHC zinc fingers for blocking 
activity. Lin28 and Lin28B are the only animal pro- 
teins known to contain both of these domains (25). 

Our results show that Lin28 is necessary 
and sufficient for blockade of pri-miRNA pro- 
cessing of let-7 family members both in vitro and 
in vivo. There are several possible reasons why 
ES and EC cells possess a mechanism for post- 
transcriptional regulation of let-7 miRNA expres- 
sion, Fist, postiranscriptional activation of miRNA 
processing would allow for rapid induction of 
several let-7 miRNAs by down-regulation of a 
single factor. Second, disruption of DGCRS, 
dsRNA binding protein and essential component 
of the Microprocessor complex, interferes with 
ES cell differentiation, which suggests that activa 
tion of miRNAs may be important for silencing 
the self renewal machinery (16). Ithas been sug- 
gested that posttranscriptional control could pre- 
vent even small amounts of let-7 from being 
produced in ES and EC cells, tightly maintaining 
the undifferentiated state (7) Third, postiran- 
scriptional control of miRNA expression could 
serve as a means for dissociating expression pat- 
tems of intronic miRNAs from expression pat- 
tems of their host transcripts. 

‘The precise mechanism by which Lin28 
blocks miRNA processing as well as the range 
and determinants of its substrate selectivity are 
unknown. Our data suggest that Lin28 has a pref- 
erence for selectively blocking the processing of 
Jet-7 family pri-miRNAs at the Microprocessor 
step. However, we cannot rule out the possibilty 
that Lin28, alone or in concert with other factors, 
may block other pri-miRNAS in different physio 
logical contexts. Others have reported that miRNA 
processing can also be regulated at the Dicer step, 
when pre-miRNAs are cleaved to their mature 


fom (5, 8) Additonal factors may yet be dis- 
‘covered that postianscriptionally regulate miRNA. 
processing. Lin28 is predominantly localized to 
the cytoplasm, although itcan also be found in the 
nucleus (10, 11); Lin28B is translocated into the 
rmucieus in a cel cycie-dependent fashion (3). 
Lin28 may postranscriptionally regulate miRNA 
processing in embryonic cells in a cell cycle 
specific manner. 

Recently, Lin28 was used in conjunction with 
Nanog, Oct-4, and Sox2 to reprogram human 
fibroblasts to pluripotency (/4). Our data thus 
suggest that modulating miRNA processing may 
contribute to the reprogramming of somatic cells 
to an embryonic state. Additionally, giobal inhi- 
bition of miRNA processing by knockdown of 
the Drosha component of the Microprocessor was 
shown to promote cellular transformation and tu- 
‘morigenesis; this phenotype was found to be, in 
lange par, due to loss of et 7 expression (17). Let-7 
has been reported to play a tumor suppressor role 
‘in hung and breast canoer by repression of onco- 
genes such as Higa? (18) and Ras (19, 20). We 
‘suggest that disruption of let-7 processing by 
‘activation of Lin28 could promote the oncogenic 
phenotype. Notably, several human primary tu- 
‘mors show a general lack of comeiation between 
‘expression of pri-mRNAs and the comesponding 
mature species (7, 2). This suggests that ablock in 
miRNA processing may contribute to the low 
miRNA expression observed in many man can- 
cers (22), Future study of Lin28 promises to reveal 
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Bacteria Subsisting 


Gautam Dantas,* Morten 0. A. Sommer,*?* Rar 


on Antibiotics 


ntimi D. Oluwasegun,* George M. Church*} 


Antibiotics are a crucial line of defense against bacterial infections. Nevertheless, several 
antibiotics are natural products of microorganisms that have as yet poorly appreciated ecological 
‘oles in the wider environment. We isolated hundreds of soil bacteria with the capacity to grow on 
antibiotics as a sole carbon source. Of 18 antibiotics tested, representing eight major classes of 


natural and synthetic origin, 13 to 17 
diverse soils. Bacteria subsisting on anti 


5s are 


ported the growth of clonal bacteria from each of 11 


surprisingly phylogenetically diverse, and many 


are closely related to human pathogens. Furthermore, each antibiotic-consuming isolate was 
resistant to multiple antibiotics at clinically relevant concentrations. This phenomenon suggests 
that this unappreciated reservoir of antibiotic-resistance determinants can contribute to the 


increasing levels of multiple antibiotic 


the seemingly unchecked spread of rmultiple 

antibiotic resistance in clinically relevant 

pathogenic microbes is alarming. Further- 
‘more, an important environmental reservoir of 
antibiotic resistance detemminans, tenmed the anti- 
biotic resistome, has been discovered (1, 2). The 
primary microbial antibjotic-resistance mecha- 


resistance in pathogenic bacteria. 


nisms include effi pumps, target gene-product 
modifications, and enzymatic inactivation of the 
‘antibiotic compound (3, 4). Many of the mecha- 
‘nisms are common to several species of pathogens 
and spread by lateral gene transfer (5). Although 
‘enzymatic inactivation is offen sufficient to anmul 
the antimicrobial activity of these chemicals, the 


biochemical processing of these compounds is un- 
1kely to end there, and we hypothesize that the soil 
microbiome must include a substantial reservoir of| 
bacteria capable of subsisting on antibiotics. Al 
though many bacteria growing in extreme environ- 
‘ments (6) and capable of degrading toxic substrates 
(2 have been previously reported, only a few or 
ganisms have been shown to subsist on a limited 
umber of antbiotic substrates (8-10). 

We cultured clonal bacterial isolates fom 11 
diverse soils (table $2) that were capable of using 
cone of 18 different antibiotics as their sole carbon 
thetic, and synthetic compounds of different ages 
and fiom all major bacterial target classes. Every 
antibiotic tested was able to support bacterial 
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Fig. 1. Clonal bacterial isolates subsisting on antibiotics. (A) Heat map illus- 
‘rating growth results from all combinations of 11 soils with 18 antibiotics, 
where blue squares represent the successful isolation of bacteria from 2 given 
soil that were able to use that antibiotic as their sole carbon source at an 
antibiotic concentration of 1 g/iter. Soil samples labeled Fl to F3 are farm sols 


growth (Fig. 1A and fig. SI). Six out of 18 ant- 
‘biotics supported growth in all 11 soils, covering 
five of the eit clases of antibiotics tested. Appro- 
priate controls were performed to ensure that cxbon 
source contamination of the source media or car- 
‘bon fixation from the air were insignificant (//). 

We obtained clonal isolates capable of subsist 
{ng on penicillin and carbenicilin from al the soils 
tested, and isolates fram 9 out of 11 soils that could 
subsist on dicloxacillin. Representative isolates 
capable of growth on penicillin and carbenicilin 
were selected for subsequent analysis by high- 
performance liquid chromatography (HPLC) (12). 
‘Removal of the antibiotics ffom the media was ob- 
served within 4 and 6 days, respective (Fig. IB) 
Mass spectrometry analysis of peniclin culnres 
has indicated the existence of a pencil catabolic 
pathway (9) that i initiated by hydrolytic cleavage 
of the bets lactam ring. Betelactam ring cleavage, 
followed by a decarboxylation step, is the domi- 
nant mode of clinical resistance to penicilin and 
‘elated beta lactam antibiotics (Bg. $3) (12). 

We isolated bacteria from all the soils tested 
that grew on ciproftoxacin (Fig. 14), a synthetic 
fluoroquinolone and one of the most widely 
prescribed antibiotics. Clonal isolates capable of 
catabolizing the other two synthetic quinolones 
tested, levofloxacin and nalidixic acid, were also 
isolated from a majority of the soils (Fig. 14). 
Previous studies have highlighted the strong par- 
allels between antibiotic-resistance detemninants 
harbored by soil-dwelling microbes and Inman 
pathogens (5, 12, 13). The lateral transfer of genes 
encoding the enzymatic machinery responsible 
for subsistence on quinolone antibiotics from soil- 
dwelling microbes to human pathogens could in- 
‘rodluce a novel resistance mechanism so far not 
observed in the clinic. 

Phylogenetic profiling of the clonal isolates (1) 
revealed a diverse set of species in the Proteobac- 
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CARBENICILLIN 
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25 


Fig. 2. Phylogenetic 
distribution of bacterial 
‘isolates subsisting on ant- 
biotics. 165 ribosomal 
DNA (DNA) was. se- 
‘quenced from antibioti- 


‘Sphingobacteriaies 


2224 


ELUTION TIME (MIN) 


and those labeled U1 to U3 are urban soils Pl to PS are pristine soils, collected 
from non-urban areas that had minimal human exposure over the past 100 
years (table 52). (B) HPLC traces at 214 nm of representative peniclin- and 
‘carbeniciln-catabolizing clonal isolates and corresponding un-inoculated media 
controls for different time points over 20 or 28 days of growth, respectively. 


Enterobacteriales 


— Peeusomonadles 


a - of —- 


netic trees were constructed using the neighbor ining algorithm in the ARB program package (19) using the 
Greengenes.aligned 165 rDNA database. Placement in the tree was confirmed by comparing automated 
‘Greengenes taxonomy to the annotated taxonomies of the nearest neighbors of each sequence in the aligned 
catabase Branches ofthe tee are color-coded by bacterial odes, and donal Bolates are represented as squares. 


teria (87%), Actinobacteria (7%), and Bactemoi- 
detes (6%) (Fig. 2 and fg. S2). These phyla all 


stinule 41% of the species isolated. The other ma- 
Jor onders (5%) are Pseudomonadales (24%), 
Exterobacteriales (13%), Actinomycetales (79%), 
Rhizobiales (7%), and Sphingobacteriales (6°). 

‘One explanation for the widespread catabo- 
sm of both natural and synthetic antibiotics may 
relate to organic substructures found in nature. Mi- 
<robial metabolic mechaniams exist for processing 
those substructures and may allow for the utiliza- 
tion of the parent synthetic antibiotic molecule. 
1s interesting that more than haif ofthe bacterial 
‘isolates identified in this sudy belong to the onders 
Buotholderiales and Pseudomonadales. Organisms 
fn these onders typically have large genomes of 


approximately 6 to 10 megabases, which has 
been suggested to be positively comelated to their 
‘metabolic diversity and multiple antibiotic resist- 
ance (14). These organisms can be thought of as 
scavengers, capable of using a large variety of 
single carbon sources as food (15). 

‘We determined the magsinle of antbiotc 1e- 
‘Stance for a representative subset of 75 clonal iso- 
lates (able $3). Each clonal isolate was tested for 
resistance to all 18 antibiotics used in the subsist- 
cence experiments at antibiotic concentrations of 20 
‘mgfiter and 1 glter in rch media (21), The clonat 
{solstes tested were on average resistant to 17 out of 
18 antibiotics at 20 mefiter and 14 out of 18 ant- 
biotics at 1 plliter (Fig. 3). Furthermore, for 74 of 
the 75 isolates, we found that if a bacterial isolate 
‘was able to subsist on an antbiotic, it was also 
resist to al antibiotics in that class at 20 mefiter 
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Previous work showing that strains from 
the genus Streptomyces are on average resist 
ant to seven to eight antibiotics at 20 mgr has 
highlighted the importance of producer orga 
nisms as a reservoir of antibiotic resistance (2) 
Here we describe bacteria subsisting on ant 
biotics as a substantial addition to the antibiotic 
resistome in terms of both phylogenetic diver 
sity and prevalence of resistance. The bacteria 
isolated in this study were super-tesistant, be 
cause they tolerated concentrations of antibiotics 
>I gilter, which is SO times higher than the 
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ANTIBIOTICS (20 mg/L) 


ANTIBIOTICS (1 g/L) 


antibiotic concentrations used to define the anti- 
biotic resistome (2) 

The Greengenes database (16) identifi 
lates among the bacteria subsisting on anti 
‘hat are closely related to known pathogens, such 
as members of the Burkholderia cepacia com 
Plex and Serratia marcescens. In principle, rated 
ness allows for easier transfer of genetic material, 
because codon usage, promoter binding sites, 
and other transcriptional and translational motifs 
are likely to be similar Its therefore possible that 
pathogenic microbes can more readily use resist 


BACTERIAL ISOLATES 


ance genes originating from bacteria subsisting on 
than the resistance genes from more 
<stantly related antibiotic producer organisms, 
To date, there have been no reports describing 
antbiotc catabolism in pathogenic strains. However, 
because most sites of serous infoction in the hurnan 
body are not carbon-source-timited, it is unlikely 
that antibiotic catabolism confers a stong selective 
advantage on pathogenic microbes as compared 10 
Just resisting them. Therefore, itis Hkely that only 
the resisimce confeming part of the catabolic ma 
chinery would be selecied for in pathogenic stains 
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Fig. 3. Antibiotic resistance profiting of 75 clonal isolates capable of subsisting 
‘on antibiatis. (A) Heat map illustrating the resistance profiles of a repre 
sentative subset of 75 clonal isolates capable of using antibiotics as their sole 
carbon source (table $3). Resistance was determined as growth after 4 days at 
22°C in Luria broth media containing antibiotic at concentrations of 20 mafiter 
‘top) and 1 gfiter (bottom). (B) Percentage of clonal isolates resistant to each of 
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the 18 antibiotics. Antibiotis are color-coded by class the full height of each 
bar coresponds to the percentage of clonal isolates resistant at a concentration 
of 20 mafiter and the solid colored section of each bar corresponds to the 
percentage of clonal isolates resistant at 1 gfiter. (C) Histogram depicting the 
distribution ofthe numberof antibiotics that the clonal isolates were resistant to 
at 20 moter (top) and 1 gfiter (bottom). 
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{In addition to the finding that bacteria sub- 
sisting on narural and synthetic antibiotics. are 
widely distibuted in the environment, these results 
highlight an unrecognized reservoir of multiple 
antibiotic resistance machinery. Bacteria subsisting 
(on antibiotics are phylogenetically diverse and in- 
clude many organisms closely related to clinically 
relevant pathogens. It is thus possible that path- 
ogens could obtain antibiotic-resistance genes 
from environmentally distributed super resistant 
‘microbes subsisting on antibiotics. 
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Reversible Compartmentalization 
of de Novo Purine Biosynthetic 
Complexes in Living Cells 


Songon An,* Ravindra Kumar, Erin D. Sheets, Stephen J. Benkovic* 


Purines are synthesized de novo in 10 chemical steps that are catalyzed by sic enaymes in eukaryotes. Stes 
in vito have provided lite evidence of anticipated protein-protein interactions that would enable substrate 
channeling and regulation of the metabolic flux. We applied fluorescence microscopy to HeLa cells and 
discovered that all six enzymes colocalize to form clusters in the cellular cytoplasm. The association and 
clissociation of these enayme clusters can be regulated dynamically, by ether changing the purine levels of or 
adding erogenous agents to the culture media. Collectively, the data provide strong evidence for the 
formation of a muit-enzyme complex, the “purinosome,” to cary out de novo purine biosynthesis in cells 


urines are not only essential building blocks 

fof DNA and RNA, but, as nucleotide de- 

rivaives, they also participate in a mutitude 
of pathways in both prokaryotes and eukaryotes 
(, D. Biosyntheticaly, adenosine and gumosine 
rmucteotides are derived from inosine monophos- 
phate (IMP), which is synthesized from phospho- 
‘Hbosy! pyrophosphate (PRPP) in both the de novo 
and salvage biosynthetic pathways (Fig. 1). The sal- 
vvage pathway catalyzes the one step conversion of 
hypoxanthine to IMP by hypoxanthine phospho- 
‘ibosy] transferase (HPRT), whereas the de novo 
pathway consists of 10 chemical reactions that tans- 
form PRPP to IMP. In higher eukaryotes (such as 
Iumans), the de novo pathway uses six enzymes, 
{including three multifunctional enzymes: a tifune- 
tional protein, THAGART, that has glycinamide 
ribonucleotide (GAR) synthetase (GARS) (step 2), 
GAR transfonmyiase (GAR Tfase) (sep 3), and 
aminoimidazole ribonucleotide synthetase (AIRS) 
(Sep 5) activities; a bifimctional enzyme, PAICS, 
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that has carboxyaminoimidazole ribonucleotide 
synthase (CAIRS) (step 6) and succiny!amino- 
imidazolecarboxamide ribomucieotide synthetase 
(SAICARS) (step 7) activities; and a bifunctional 
‘enzyme, ATIC, that has aminoimidazolecarbox- 
amide ribonucleotide transfommylase (AICAR 
‘Tfase) (Step 9) and IMP cyciohydrolase (IMPCH) 
(Giep 10) activities. In contrast, prokaryotes, such 
as Excherichia coli, use only monofunctional en- 
zymes throughout this pathway, except for the 
Difimctional ATIC. 

Although studies of the individual enzymes 
jn vitro have revealed much about their respec- 
tive mechanisms of action, a number of in vitro 
attempts using kinetic analysis and/or binding 
measurements to demonstrate protein-protein 
interactions have not been fruitful, with few 
exceptions (3-6). In addition, there is scant evi 
dence from in vivo cellular studies for the hy- 
pothesis that these enzymes act in concert within 
‘amultienzyme complex (7). In this study, we used 
fluorescence microscopy to investigate whether 
functional multienzyme complexes involved in de 
‘novo purine biosynthesis form in living mamma- 
Nan cells under purineich and purine depleted 
‘conditions, which affect the rate of metabolic 
fx (8-10) 


We selected for study two human (ti) enzymes 
involved with de novo purine biosynthesis a inital 
candidates for involvement in a mulienzyme com- 
plex in vivo: the nonsequental HTSAGART protein, 
‘hich catalyzes eps 2,3, and 5, and formyigiycin- 
smidine ibomucleotide synthase (hFGAMS), which 
catalyzes sep 4. These proteins were fused to either 
a green fluorescent protein (GFP) or an orange fu- 
crescent protein (OFP) and were trnsienly ex: 
pressed in HeLa cells that had been cultured in 
ther purine rich [minimum essentia! medium and 
10% fetal bovine serum (FBS)] or purine depleted 
(RPMI 1640 and dialyzed 5% FBS) media, 11, 
‘When expressed individually in cells grown in 
purine sich media, both the HTifGART (Fig. 2A) 
and BFGAMS (Fig. 2C) proteins exhibited diffise 
cytoplasmic distrbutions, as previously found in 
2937 fibrobiast cells and with their prokaryotic 
counterpart, E col cells (7). However, when these 
constructs were expressed in purine depleted cells, 
wwe observed cytoplasmic clustering, estimated at 
~27% of the hTfGART-GFP (Fig. 2B) and ~77% 
of the hFGAMS-GFP (Fig. 2D) proteins. To de- 
tenmine whether the two enzymes colocalized into 
these clusters in low-purine conditions, we transent- 
Jy coexpressed IKfGARTGFP and hFGAMS- 
OFP in HeLa cells (Fig. 2, G, H, and D; ~60% 
of the transfected cells exhibited colocalization 
within the clusters (Fig. 2, 

Zscan imaging with confocal laser scanning 
microscopy confirmed that the hTHAGART-GFP 
and the hFGAMS-OFP proteins were co-chustered 
in the cytoplasm (fig. SI). We also observed oo- 
ccustring beween hFGAMS GFP and WTfGART- 
FP after we reversed the fusion of the fuorescent 
probes in HeLa ces that were maintained in purine- 
depleted media (Bg. S2). Additionally, similar cel 
Jular localization experiments were caried out with 
hTifGART-GFP and hFGAMS.GFP in two ada- 
tional human cel! lines, HTB-125 and HTB-126;the 
rents suggested thatthe purine dependent clustering 
appears to occur in other human cel lines [support- 
ing online material (60M) Text}. These findings, 
‘when combined with the imaging results described 
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Fig. 1. The de novo pu- 


RPP to IMP in 10 steps. 
Steps 2, 3, and 5 are cat- 
atyeed by a tifuncional 
enzyme, TrifGART; steps 
6 and 7 are catalyzed 
bya bifunctional enzyme, 
PAIGS; and Steps 9 and 


{ es oO 10 are catalyzed by a bi- 
t < a) e , 
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for HeLa cells, suggest that the formation of this 
‘multienzyme complex involved in the de novo 
purine biosynthetic pathway may be functionally 
: particularly those 
challenged with minimal media. 

To vetfy that the clustering we observed was 
not due to an artifact of expressing the fluorescent 
fusion constructs but was in fact present with en- 
dogenously expressed protein, we conducted mmu- 
niofluorescence imaging of endogenous NTifGART 
protein in HeLa cells grown in purine-depleted 
‘media; clustering was clearly observed (Fig. 2E), 
similar to what we found for the KTsfGARTGFP 
protein under the same conditions (Fig. 2B). We 
also identified some clustering of endogenous 
HIRfGART in the presence of purine-ich med 
(Bg. $3), which we attribute either to the sensitiv- 
ity of immunofuorescence in detecting protein ex- 
pression or to the loss of cytosolic materials during 
fixation. We futher demonstrated that endogenous 
HIRAGART oo-chustered with HIGGARFGEP in 
HeLa cells that were maintained in purine depleted 
media (Fig. 2F), which supports our initial ob- 
servations with the GFP fusion constructs, Taken 
together, these results suggest that multienzyme 
complexes form to satisfy the cellular demand for 
de novo purine biosynthesis. 

We expanded our studies 10 include all six 
Inuman enzymes of the pathway (Fig. 1): PRPP 
amidotransizrase (XPPAT) (Sep 1), hTHAGART, 
HFGAMS, HPAICS, adenylosuocinate lyase (hASL) 
(Sep 8), and ATIC. Asa control, we also included 
8 tetmahydrofolae (HF)-utlizing trifimetional en- 
zyme, HCITHF, that possesses 5 10-methyiene- iF 
dehydogemse, 5 J0-metheny/HLF cyciohyrolase, 
and 10-formylHF synthetase activities. hCITHF 
{s not ditecty involved in the de novo purine path- 
‘way but is responsible for synthesizing a key co- 
factor, 10-formyl-HLF, for both HTHAGART and 


path- 
way. (A to D} ATrIGART- 
GF [) and (BI) and 
FGAMS-GFP [(C) and 
(0)] transiently expressed 
in Hela cells in purine- 
rich (4) and (Q] and 
purine-depleted (6) and 
(0) media. (E) Immuno- 
fluorescence of endog- 


cultured under lov-purine 
conditions. (F) Merged 
image by immunoflwores- 
cence of hIrifGART-GFP 
(Green) and endogenous 
TFAGART (red) expressed 
in Hala cel grown in 
purine-depleted media. 
GG to D hTHiGART-GFP 
[@ and green in ()] co- 
clusters with hFGANS-OFP 
(00 and red in ()) in 
Hela cells under purine- 


depleted conditions. (J to L) The control HCITHF-GFP [(}) and green in (UI, which does not participate 
directly in de novo purine biosynthesis, does not form clusters or colocalize with hFGAMS-OFP [(K) and red in 
(O] in Hela cells grown in purine-depleted media. Scale bar, 10 um. 


12). We found that all six 
tly participate in the de novo 
purine biosynthetic pathway co-clustered with 
hFGAMS.OFP jn the cytoplaan of 

tained in purine depicted media 
and Fig. 3); however, hC1THF. 
throughout the cytoplasm, and thus did not co 
iuster with KFGAMS.OFP (Fig. 2, 3 to L). 


When the indviduat fluorescent protein con- 
structs were transiently expressed 


BPAICS-GFP, hASL-GFP, and GFP-LATIC, but 
~27% for hTrifGART-GFP and ~77% for 
hEGAMS-GFP. However, when co-transfected 
with BFGAMS.OFP under these conditions, the 
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Fig. 3. Colocalization of 
GFP fusion proteins with 
HFGAMS-OFP in Hela cells 
Grown in purine-depleted 
media, hPPAT-GFP (A), 
HPAICS-GFP (D), hASL- 
GFP (G), and GFP-hATIC 
(D) were co-transfected 
with hEGAMS-OFP (B, E, 
H, and K, respectively). 
(CF, 1, and Q Green 
channels correspond to 
the GFPusion constructs, 
and red channels come- 
spond to hFGAMS-OFP in 
the merged images. Scale 
bar, 10 um. 


Fig. 4. Reversible forma- 
tion of clusters by hFGAMS- 
GFP. (A) hFGAMS-GFP 
clusters when Hela cals 
are exposed to purine- 
pleted medium. (B) Cus- 
‘ters disperse within ~05 
to 15 hours upon incur 


~~ 


bation with purinevich medium. (C) The clusters begin to reform within ~1 to 2 hours after purine depleted 


medium is restored. Scale bar, 10 um. 


clustering fiequency increased substantially to ~22 
tv 32% for hPPAT-GFP, hPAICS-GFP, hASL-GFP, 
and GFP-RATIC, and ~60% for hTfGART-GFP. 
‘The percentage of colocalization of GFP-fusion 
proteins with KFGAMS-OFP was calculated by 
dividing the mumber of pixels that showed both 
green and red colors by the total number of pixe!s 
that showed either green or red colors (11, 13) 
Colocalization analysis collectively revealed that 
78 + 6% of GFP-fusion proteins co-clustered 
with hFGAMS-OFP. However, the analysis for 
hCITHF-GFP and hFGAMS-OFP exhibited 21 
colocalization, which suggests that these pro- 
teins do not colocalize in clusters: The representa- 
tive image (Fig. 21) clearly shows hFGAMS.OFP 
clusters on a diffs background of hCITHF-GFP. 
Scattergram analysis was camied out as an aller 
native means of examining colocalization, and it 
showed the compartmentaization of all six en 
zymes participating in the de novo purine biosyn- 
thesis (able SI and fig, $4) The varying percentage 
of cells exhibiting clustering under low. purine con 
dons may be attributed to cells not being syn 
chronized with respect to the cel cycle. The G: 
and S phases require more purines to support RNA 
and DNA synthesis than the other phases of the 
cell cele (/4, thus, we speculate thatthe popu- 
lation of the cells exhibiting clustering may rep- 
resent cells in the G, or S phases. This rationale is 


futher supported by the previousy measured 
~five- to sixfold increase in the level of mRNAs 
for PPAT and SAICARS in the G, and S phases 
over those in the Go phase of synchronized rat 3Y 1 
fibrobiasts (15). 

To assess the reversbiliy of the nmitienzyme 
complexes, we imaged the cellular distribution 
of hFGAMS-GFP while purine depleted medium 
‘was exchanged for purineich medium, and ob- 
served that the AFGAMSGFP clusters dispersed 
within ~0,5 to 1.5 hours of HeLa cells being incu- 
bated with purine-rch medium (Fig. 4, A and B). 
‘When purine depleted medium was subsequent- 
ly restored, clusters began to re-form in ~1 to 2 
hows (Fig. 4, B and C), Additionally, we performed 
fluorescence recovery afier photobleaching on 
hFGAMS.GFP in HeLa cells that had been in- 
cubated in purinedepleted medium. We cicarly 
observed mobility ofthe chusters through the rapid 
fluorescence reeovery as a fimcton of time (Bg. 
SS). Collectively, the predominaoe of clustering 
appears to be linked to insufficient levels of purines, 
‘which suggests that there is a cellular sensor of 
the extemal purine conditions and that the mobile 
clusters represent functional complexes. 

Furthermore, we imaged the effects of intro- 
dducing either an exogenous purine source, hypo- 
xanthine, or a well-4nown antagonist of hFGAMS, 
azaserine, to inhibit the metabolic fx in the de 


REPC 


novo pathway of HeLa cells grown under purine 
<epieted conditions (8) Hypoxamhine, when added 
to fibroblast culnues in concentrations as low as 
1 10 10 uM, significantly inhibits (50%) de novo 
purine biosynthesis through its eflect on adenosine 
and guanosine nucleotides in the cellular pools 
(26,17), and the increased levels of adenosine and 
sgumosine nucleotides modulate activities of PPAT 
as well as PRPP synthetase (8). In addition, cells 
gown in purine depleted media are deficient in 
adenosine 5-riphosphate, with both the restoration 
of cellular growth rates and the timing of the Gy 

to'S transition dependent on both the de novo and 
sslvage pathways (14), We propose that the inital 
fncreasad clustering is a response to hypoxanthine- 
{induced inhibition of the de novo pathway and that 
the retention of the clusters reflects demand for 
purines in cellar growth (fig. $6, A, B, and solid 
squares in E). When we incubated azaserine with 
purine depleted cells, we anticipated that hFGAMS 
clusters would at least be maintained because of 
the greater demand for purine biosynthesis. An 
azaserine block increases the rate ofthe early steps 
of de novo purine biosynthesis in flboblasts that 
lack HPRT activity (17), which is consistent with 
cour observed maintenance of the clusters (fg. $6, 
, D, and open circles in E). Collectively, the as- 
sociation and dissociation of the rmultienzyme 
complex reflected changes in celular purine levels 
that were imposed by the addition of extemal re- 
agents that regulate purine metabolic flux. 

From our studies, the various roles that the 
multenzyme complex. plays in oxlls are not yet 
lear. These functional complexes may produce ef 
ficient substrate chamne's that link the 10 catalytic 
active sites. To date, extensive Kinetic analyses of 
E.coli PPAT and GARS (6), Acetobacter aceti 
pu and purK (bacterial counterparts of CAIRS) 
(@), and recent crystal structures of octameric 
BPAICS (18) have revealed putative substrate 
channeis for individual steps in the de novo path 
way. Additionally, clustering of the 10 active sites 
may provide an efficient means of globally reg 
wating purine fux under varying environmental 
conditions. However, we have not yet identified a 
specific subcellular compartment with which these 
‘multienzyme complexes associate, in contrast to, 
for example, the actin cytoskeletal association ob- 
served for aldolase (19). However, our cross 
Sinking experiments with formaldehyde on living 
calls grown in purine depleted media, and subse 
quent Westem blot anaiyss, revealed that endoge 
nous KTGIGART proteins produced a cross inked 
adduct of molecular weight greater than S00 kDa 
(Gg S7), which suggests that hTEAGART is indeed 
compartmentalized in close proximity with other 
proteins, whose identities are under investigation, 
Moreover, recent proteomic studies suggest that 
hINAGART and hFGAMS are probably phos- 
phorylated at binding motifs recognized by 143-3 
proteins that play important roles in many biolog 
processes, including cell-cycie regulation and 
signal trmsduction (20), which raises the in 
triguing possbility that phosphorylation is in 
volved in regulation of the complex. 
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Although the association of metabolic enzymes 
hhas been claimed for enzymes involved in the 
alycolytic pathway (21, 22), to our knowledge this 
complex, the glyeosome, has not been identified in 
living mammalian cells, By analogy, the present 
clusters observed in the de novo purine biosyn- 
thetic pathway may constitute a “purinosome.” The 
fomation of the purinosome appears to be dynam- 
ically regulated by stimulation of de novo purine 
biosynthesis in response to changes in purine lev- 
ls. The purinosome may be a general phenome- 
non in all cell types during specific stages of the 
cell cycle, along with postranstation modifications. 
Because of the relevance of de novo purine bio- 
sgmthesis to numa diseases, the purinosome may 
represent a new pharmacological opportunity for 
therapeutic intervention. 
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Single-Molecule DNA Sequencing 
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The fll promise of human genomics willbe realized only when the genomes of thousands of individuals can 
be sequenced for comparative analysis. A reference sequence enables the use of short read length. We report 
an amplifiationfree method for determining the nucleotide sequence of more than 280,000 individual DNA 
‘molecules simultaneously. A DNA polymerase adds labeled nucleotides to surface-immobilized primer- 
‘template duplexes in stepwise fashion, and the asynchronous growth of individual DNA molecules was 
‘monitored by fluorescence imaging. Read lengths of >25 bases and equivalent phred software program 
quality scores approaching 30 were achieved. We used this method to sequence the M13 virus to an 


averai 


depth of >150x and with 100% coverage; thus, we resequenced the M13 genome with high- 


sensitivity mutation detection. This demonstrates a strategy for high-throughput low-cost resequencing. 


NA sequencing and the attendant genetic 
manipulation it enables have fundamental- 
ly altered life science, with the completion 

of the human genome sequence as a major mile 

stone of this work (I, 2). However, lange sample 
sets—thousands of genomes—are required to an- 

alyze many phenomena in which genetics plays 2 

role. With current sequencing technologies, the cost 

and complexity of such experiments remains limiting 

(3) Having the consensus human genome sequence 

‘in hand fundamentally changes the technology re- 

quirements for resequencing human genomes. In 

particular, one can use low-cost techniques with 
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‘much shorter read lengths and higher parallelism 
than found with the Sanger capilary electrophoresis 
methods used to generate the reference genome (4) 

‘Several recent reports emphasize the progress in 
shortread sequencing. strategies (5-8). Although 
those methods have been used successfully 10 
‘sequence microbial genomes, their curent cost of 
‘sequencing, the complexity associated with DNA 
brary preparation, and their use of polymerase 
‘chain reaction (PCR) amplification may limit broad 
application to human genome resequencing. The 
use of PCR is problematic for three reasons. Fist, 
‘because amplification efficiencies vary as a fimction 
of template properties, PCR introduces an uncon- 
trolled bias in template representation. Second, 
than conventional sequencing, and the in vitro: ma- 
nipwations to create ibraies with defined sequences 
at the ends of templates are onerous and expensive 
{in tems of DNA mmipulation Thind, rors can be 


{introduced ina recent lange scale cancer resoquenc- 
ing effort, PCR errors alone accounted for about 
‘one third of inially detected “mutations” (3). The 
fidelity of PCR polymerases is widely reported at 
05 to 1.0 x 10 * (9), a substantial enor rate for 
amplification of single-molecule tagets. These lim- 
tations can be ameliorated by singlemolecule 
sequencing approaches. 

‘Single molecule sqquencing was proposed as 
ceatly as 1989 (10), Recent work, however, has dem- 
consrated the feasblty of single-molecule sequenc- 
ing using DNA polymerase to soquence by synthesis 
(2D, anda subsequent study of single-RNA poly- 
merase activity shows DNA sequence can be in- 
{erred from the serial observation of four identical 
Sngle-molecule templates (JZ). We have used 
single-molecule DNA. sequencing to resequence 
the M13 phage genome (13). Our sequencing by- 
smthesis scheme is diagrammed in Fig. 1. The 
brary preparation process is simple and fast and 
does not require the use of PCR; it results in single- 
stranded, poly(dA) tailed templates. Poly(dT) oli 
gonucleotides are covalently anchored to glass 
coverslips at rmdom positions. These oligomers 
are first used to capture the template strands, and 
then either as a primer for the template directed 
primer extension that forms the basis of the se- 
quence reading (Fig. 1) or, optionally, fora template 
replication step before sequencing (Fig. 2A), Up to 
224 sequencing cycles are performed; each cycle 
consis of adding the polymerase and labeled mu- 
eotide mixture (containing one of the four bases), 
‘insing, imaging ruliple postions, and cleaving the 
dye labels. For the M13 data reported below, this 
sequencing process was performed simultaneousty 
‘on more than 280,000 primer-template duplexes. 

This single molecule sequencing method al- 
Jows a mumber of innovations that are not possible 
with bulk sequencing by symthes’s (5, 8), Most of 
these are related to the principle of asynchronous 
synthesis, that is, because each template molecule 
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Fig. 1. Single-molecule sequencing sample preparation and imaging of 
single-nucleotide incorporation. (Left) llustrtion of the single-molecule 
sequencing by synthesis process for single-pass sequencing. (2) Genomic DNA 
is prepared for sequencing by fragmentation and 3° poly(A) tail addition, 
labeling, and blocking by terminal transferase. (2) Hybridization capture of 
these templates onto a surface with covalently bound 5° “down” dT(50) 
oligonucleotide. (3) Imaging of the captured templates to establish sites for 
sequencing by synthesis. (4) Incubation of this surface with one labeled 
nucleotide and polymerase mixture, followed by rinsing of the synthesis 
mixture and direct imaging ofthe Cys labels exciting at 647 nm. (5) Chemical 
cleavage of the dye-nucleotide linker to release the dye Label. (6) Addition of 


{s monitored individually, there is no need to keep 
cach step of synthesis in phase. Thus, itis mot nec 
essary to drive each enzymatic incorporation step 


the next nucleotide and polymerase mixture. (Right) Image series illustrating 
templatespecfic base addition, successful rinsing, and successful linker 
cleavage. A mix of three templates is used to allow visual sequence assignment. 
Template complementary sequences are shown in the table (bottom). One 
example of each template is outlined in the figure. Each frame is a 6.641m 
square image of the same sample position, and shows ~35 of the 1.8 x 10° 
imaged templates in this experiment. Frame 1 is the image of the template 
labels. Template activity in three positions is shown in the columns tothe right. 
Frame 2s after the first synthesis and rinse cycle. Frames 3 to 8 show the effect 
of six more consecutive cleave, synthesis, and image cycles, using the base 
identity shown in the lower right corner ofthe frame. 


Table 1. M113 genome alignment statistics. The average read length was 23 bases, increasing to 27 
bases after homopolymers were deconvolved. 


to completion. The principal benefit is that mis- plign coweane Coverage (%) sera 
{incorporations are rare; their slow kinetics do not Average Voting Max. Min. = >10x_——>20x 

compete appreciably with the time to incorporate“ Forward 96x 75x 28x 3x 9.4 97.2 32,473 

80 to 90% of the correct base. A corollary is that Rrveree 105x sax 30k Sx 9.5 5.8 34,109 


this alows greater flexibility in the choice of re- 


agents and synthesis chemistries, because the re 


quirements on inoorporation kinetics are relaxed. 
Asynchronicity is also used to facilitate reading 
of base-repeat sequences, homopolymers. 

‘The use of a single-molecule method also en- 
abled us to resequence each individual template 


in sit, which greatly reduced the ensemble eror 
rate. This “two-pass” sequencing process i 
trated in Fig. 2A. Captured oljgomucieatide tem- 
plates were copied using ahigh fidelity polymerase 
to yield covalently atached templates with a distal 


primer hybridization sequence. In the first pass, 
templates were primed and sequenced as described 
above (pass 1). The extended primers were then 
‘meted off using hot water, and the templates were 
‘primed again and sequenced a second time (pass 2) 
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Fig. 2. Methodology for two-pass sequencing and deletion statistics. (A) Process 
{or two-pass sequencing. As with one pass, the DNA sample is hybridized to the 
surface capture oligomer. A copy of the DNA i made, which resuts in covalent 
anchoring of the template copy tothe surface. Library construction is described in 
fig. S1 and provides for a primer site atthe distal end of the template. This primer 
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‘Normalized intensity 

3. Intensity calling for homopolymer length. (A) Histogram of observed 
{intensities for C incorporation cycles across all C after A contexts in M13. By using 
{known sequences and the incorporation cycle count required to observe the base 
following the poly(C) motif, the intensity of single, double, and triple 
‘incorporations can be determined. The group centered at normalized intensity 
=10 is single incorporations; the group at normalized intensity 035 is 
‘incorporation of two labeled dCTP-CyS analogs in a single cle; the small peak 
‘near normalized intensity 0.10 s incorporation of thre labeled dCTP-CyS analogs 
ina single cycle. The magnitude ofthe quenching can be adjusted by addition of 
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site is used for sequencing by synthesis, as before. After a sequencing run, the 

synthesized stand is metted off, and a new primer is hybridized, which allows the 

‘template to be sequenced a second time. (B) Average deletion rate for a single 

synthetic oligonucleotide, sequenced twice from a dataset of 35,000 reads; error 

bars show 3x the shot noise. See text and (23) for quantitative details. 


tourmers 


fivomers—sumers 
‘nonpolar solvents to the imaging medium, in this case acetonitrile. By using 
thresholds chosen from plots similar to those in (A) for all four bases, an intensty- 
based counting process can be used. (B) The accuracy for confirmed two-pass 
length calling for all M13 homopolymer motifs except for a single BAT 
‘occurrence. Onemer,twomer, and soon és short for one-nucleatide oligomer, tWo- 
rucleatide oligomer, and so forth. All contets have a correct majority votes, 
exceeding 80% up to four-nucletide oligomers, for al contents except SC. The SC 
case and the strategy to achieve minimal false-positve-mutation calling is 
discussed in detail in (13). 


‘The combined or two-pass emor rate was defined 
as follows [discussed in more detail in (13): The 
reads fom both passes of each template were 
separately aligned tothe oligonucleotide reference. 
Only reads that were in agreement on both passes 
‘were given a “vote” at that position; ~80% of the 
bases meet this criterion. The error rate isthe ratio 
of votes disagreeing with the reference divided by 
the total mumber of templates considered. The dom- 
inant eror was deletion. Deletion enors varied from 
3 t0 7% in pass 1 and 2 to $% in pass 2; the con- 
{firmed (seen in both passes) deletion enor ate range 
‘was 02 to 1.0% (Fig. 2B), The calculated product of 
te frst- and second pase deletion eror rates varied 
from 0.1 to 0.3% and is shown for comparison in 
Fig. 2B as open trimgles. The confinned deletion 
rite is roughly the same magnitude as this product, 
the expected result for substantially random errors. 


‘The utimate lower limit for single moteeule single- 
‘pass enor rates isnot clear, but this two-pass process 
produces emor rates low enough to assemble contigs 
if adequme read length is achieved (14), The equiv- 
alent phred software program quality of these 
‘single molecule reads ranges from 20 10 28 (15). 
To demonstrate the performance of single- 
‘molecule sequencing. we resequenced the MI3 
phage genome. A double-stranded M13 sumple, 
prepared as shown in fig. S1, was sequenced for a 
total of 224 cycles, two passes with 112 cycles of 
synthesis were made in each pass; each pass was 28 
“quad cyties” of successive CTAG additions. The 
average and median read lengths were ~23 bases 
for this run. Increasing the cycle count increases 
the average resd length, and we have performed 
‘sequencing runs with average read lengths as high 
a8 30, The forwand and reverse genome coverage 


for the M13 data here averaged 96% and 105%, 
respectively. We aligmed the data against the 
kmown MI3 reference. The alignment statistics 
for this run are shown in Table 1 

It is a challenge for all saquencing by synthesis 
methods to detect hase repeats, homopolymers. 
‘Because we operate the chemistry asynchronously, 
‘we can limit incorporations in base repeals to pri 
‘marly two or three bases. For example, a template 
‘with a soquence segment TGGGAT may incopo- 
rie 21, one, two, or three C’s in a single synthesis 
gycle when reading the GGG template sequence 
(Gee the statistics in fg. S2), We observed that fu- 
crophores in multiple incorporations interact and 
thus yield reduced emission, Intensity distributions 
from all C after A incorporations in the M13 exper- 
{ment described above (Fig. 3A) show that sepa- 
ration between single and double incorporations is 


APRIL 2008 VOL 320 SCIENCE wwwsciencemag.org 


REPORTS Q 


F4 
3 
38 
3 LoS 
at *3 
F 2 
o Tt ette eee eee bo 
0 02 ae op ast 2 ae as as 
‘Threshold “Threshold 


Fig. 4. Demonstration of mutation detection by alignment of experimental data 
against mutated M13 references. We show two single-nuclectide-change 
response cures. (A) Statistics for false-positive and mutation detection for 
{insertions causing increase to hornopolymes length. (B) Statistics fr false-positive 
and mutation detection for substitutions creating all classes of sequence change. 
‘These cuves show the fraction of postions in M3 that voted against the 
reference on both forward and reverse strands, as a function of the voting 
threshold. A vote against the reference is a mutation call (C) A voting plot 
showing the results for all postions for the error types plotted in (A) and (B) 
against a reference with four mutations, two each forthe mutation types in (A) 


frac. votes against ref, © 


and (B). Length mutations, those two points in the upper right, have a high false- 
positive rate (only votes >0.15 are plotted for clarity) but 2 near 100% mutation 
detection effidency (Substitutions have 2 much lower false-postve rat, all 
‘votes against the reference were plotted, but as reflected in (B), the result was 
lowes mutation-detection efficiency. As seen in (C, substitutions are reported 
directly (ed violet sold squares) and as length changes (open diamonds), upper 
left. $ and D show positions for, respectively, substitution and deletion SNC 
‘changes to the reference. These cuves demonstrate that it is posible to choose 
voting thresholds that enable successful mutation detection with very low flse- 
positive rates. SNCS, single nucleotide changes. 


Table 2. Mutation detection via synthetic muta- 
tions in the M3 reference genome (hp, homo- 
polymer). We tested 500 randomly chosen 
positions in 10 separately modified references: 
four ofthese positions had less than 10x coverage 
and were disqualified. 


" Number Success 
gin i Tested Found 
Insertion into hp BS 125 100 
Deletion from hp 2 1 9B 
Deletion from non-hp 49 4592 
Deletion creating hp = «343397 
‘Non-hp insertion 100 100 100 
Substitution M6 398 
Total mutations 49648798 


very good and can be counted with only a small 
faction of ambiguous calls. Triple incorporations 
are weak emitters, and a significant fraction fall be- 
low the sysiem detection limit Incorporation of 
‘more than three nucleotides is rare. Longer homo- 
polymer runs were measured by aiding the results of 
{individual incorporation cycies, aimost all made 
up of one-, two-, or three-base incorporations, 
Normalized intensity thresholds delineating in- 
corporations of one, two, of three nucleotides were 
determined fr all four nucleatides by finding the 
‘minima between the distibutions (Fig. 3A and fg 
SA). For each base read in each strand, an incor 
poration count is generated on the bass of its inten- 
sity relative tothe threshold. As with our accounting 
for deletion errors, we accept votes only from po- 
sitions where the two passes agree on the length of 
‘a homopolymer position and ignore votes from 
postions where the pasies disagree. The success 
rate for length calling forall positions in the M13 
genome is shown in Fig. 3B; homopolymers 
range from two to six bases except for a single 
8A/ST, For homopolymers with just two bases, the 
calling was socumte, with >95% of the homo- 
polymer calls comect, but there were a significant 
finction of incomect length calls for longer homo- 


polymers, particulary for C. We imposed a con- 
ssuaint that the called length must agree on the 
forward and reverse stands for our double stranded 
sample, which requires sequence depth on both 
sense strands. Difficulties in calling C homopoly- 
mes were compensated on the complementary 
strand, because the comesponding positions are G 
homopolymers, which are called more accursely 
(Fig. 3B and fig. S5). For a single-stranded target, 
these C homopolymer length exors wold result in 
‘a fidse-posiive mutation call, The demonstrated 
‘homopolymer call accuracy i sufficient to achieve 
sensitive detection of mutations in the MI3 ge- 
nome, as described below, 

‘To determine the M13 sequence quality, we ex- 
Plored how well mutations in the reference sequence 
‘could be detected. When single-mucieotide changes 
(O)are created in the reference genome, one expects 
to find poor agseement with the sequence wad aign- 
‘ments at those positions, and they therefire serve as 
‘an unbiased test of the alignment quality and sen- 
‘vty. We aligned the data to 10 mated MI3 
reference genomes, each with 50 sequence changes 
representing all clases of single mucieotide change 
(aserions, deletions, and substnutons in varying 
‘contexts), Using these alignments, we measured the 
faction of votes agains the reference; locations 
‘where the aligned reads vote significantly apainst the 
reférence are possible mutations. Single mucieotide— 
‘change response curves indicated true postive nmi- 
tation detection and false-positive detection for 
various choices of vote thresholds (Fig. 4, A. and 
B, and fig. S10). To score a positive, we stipulated 
that the read sequence mist have above-threshold 
votes against the reference on both the forwart and 
reverse stanis The curves show that itis possbleto 
achieve excellent nmtation detection with very low 
{alse positives for every cass of musation. We found 
thresholds that gave zero false positives and enabled 
discovery of more than 98% of all mitations (Table 
2). The error rate and homopolymer nun-through in 
the sequencing chemistry reported here do lit the 
‘mutation detection sensiivty—ie, the thresholds 
need to be set low. Large genomes, heterogeneous 


samples, and genomic structural variations will 
"kely require longer reads, reduced homopolymer 
rn through, and enhanced alignment too's 

In summary, we report a method to sequence 
single molecules of genomic DNA. The consensus 
alignment of this sequence data is able to accurae- 
Jy recapiulate the M13 phage genome with 100% 
coverage, while demonstrating robust and efficient 
detection of all single base-mutation types. The 
Simplicity of the methods described here, the ce 
dom fiom cloning or amplification, and the low 
reagent Volumes used to produce sequence from 
cover 280,000 strands simultmeously opens a path 
to very high throughput sequencing, 
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Entrainment of Neuronal 
Oscillations as a Mechanism of 
Attentional Selection 
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110 


Whereas gamma-band neuronal oscillations clearly appear integral to visual attention, the role of 
loner-frequency oscillation is stil being debated. Mounting evidence indicates that a key functional 
property of these oscillations isthe rhythmic shifting of excitability in local neuronal ensembles. Here, 
Wwe show that when attended stimuli are in a rhythmic stream, delta-band oscillations in the primary 
Vbual cortex entrain to the rhythm of the stream, resulting in increased response gain for task-elevant 
events and decreased reaction times. Because of hierarchical cros-frequency coupling, delta phase also 
determines momentary power in higher-frequency activity. These instrumental functions of low-frequency 
‘oscillations support a conceptual framework that integrates numerous earlier findings. 


‘of neuronal excitability over a wide range of 

spatial and temporal scales (J-3). These 
oscillations play a role in a variety of brain opera- 
tions including stimulus processing (24), neuronal 
interactions across areas (2, 4), memory formation 
(9) and cognitive conto! of input processing (6-8). 
‘Todate, gamma band (30 to 70 Hz) oscilatons have 
been linked most clearly to active, attentive processes 
(6,9), However, reoent evidence suggests that lower- 
frequency (theta and alpha) oseilatons also canteib- 
ute to active processing (J0, 1/) and that during 
rhythmic stimulation, oscillatory entrainment in 
various frequency bands can be enhanced by at- 
tention (12-14). We therefore hypothesized that if 
‘relevant stimuli appear in a chythmic and predict- 
able pattem, neuronal oscillations would entrain 
(Phase lock) tothe structure ofthe atended strmilus 
stream (3, 12-16) and thus serve as instruments of 
sensory selection. 

(Our hypothesis makes four key predictions: () 
‘When attention is allocated to one of several rhyth 
mic event streams, oscillations in the sensory cor- 
tices will entrain (phase-lock) to the events in the 
attended stream. (i) Because of entrainment, thyth- 
mic fluctuations in newonal excitability will be 
aligned so that highexcitabity phases will tend to 
coincide with events in the attended stream. Given 
some variability in stimulation thythm and entrain- 
‘ment, (i) neuronal response amplitude and (v) 
reaction time will be systematically related to the 
phase of the entrained oscillation. 

Totest these predictions, we analyzed the effects 
of selective attention on the visual event-reated 
response and the prestimulus activity obtained dur- 
{ng 24 experimental sessions in the primary visual 
contex (V1) of two macaque monkeys (17) 
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‘Monkeys were trained to perform an intermodsl se- 
lection task, as described previously (28), In tis task 
(Fig. 1), interdigitated auditory and visual stimuli 
(beeps and flashes) were delivered with random 
stinmlus onset asynchronies (SOAs) varying 
‘berween 500 and 800 ms (Gaussian dstrbuion), 
‘with a mean of 650 ms (1.5-Hz delta frequency) 
‘within each steam (mean combined stimulus rate of 
3 He) Despite the varibiliy in SOA, visual and 
auditory stimlus steams stayed, on average, 180° 
cut of phase overall tials This paradigm combines 
the thythmic structure and variability characteristic of| 
‘natural event patiems. In aitemate tral blocks, the 
monkey had to attend to either the visual or the aud- 
tory stimuins stream and make a mamual response 
to an infrequent presented “oddball” stimuius. 

Laminar profiles of field potentials and con- 
comitant rmuliunit acivity (MUA) were recorded 
dle the layers of V1 during each recording sesion. 
Instead of analyzing the fied potentials, we calcu 
lated current source density (CSD) profiles, which 
allow for beter localization and more direct physio- 
logical interpretation of transmembrane curents 
that cause excitbilty changes and generate the 
local field potential. profile. As in previous studies 
(G8, 19), the comparison of response amplitudes 
‘within cach experiment revealed a. significantly 
larger response to attended visual stimuli: On 
average, CSD response amplinude was 62% higher 
and MUA was 46% larger in the atend visual (AV) 
‘condition, as compared with the atend auditory 
(AA) condition (fg. SI). 

‘To ilustrate differents! entrnment by attention 
[prediction @), we compared averaged CSD profiles 
in the AVand AA conditions (Fig. 2A). Whereas the 
relatively long time fame shown extends over a 
‘number of successive strmul, response averaging is 
‘ime locked to visua! stimuli presented at ime 2210; 
‘because of the fter in SOA, responses to prior and 
succeeding stimuli (fed and bine brackets) appear 
“smeared” in the CSD plot Along with a clear at- 
tentional enhancement of the visual response, a 
‘noteworthy pattem of underiying oscillatory entrain- 
ment is also evident At the time of stinmilus pre- 
‘sentation (dotted line), supragranutar baseline CSD 
activity (long with activity in the infiagramiar 


layers) is opposite in sign in the AV and AA con- 
dfiions, whereas the sign of granular layer prestims- 
Jus CSD activity isthe same for each condition (this 
pattem was consistent across sessions) (fig. 2) 
Oveday of the CSD wavefonms fiom the selected 
ssupragramular electrode “S” (Fig. 2B) shows thatthe 
baseline effect is nota result ofa direct current shift 
in excitability; instead it is a cyclical deta band 
oscillation with a period matching the rate of visual 
‘simulation, which is 180 degrees out of phase inthe 
AV and AA conditions. Supragranular entrainment 
by attention is confinmed by the single trial delta 
phase distribution at 1.55 Hz (visual stimulation 
frequency) (Fig. 2C) and mean delta phase at 
‘visual stimulus onset across all experiments (Fig 
2D). Whereas deita phase at visual stimulus onset 
‘was close to the negative peak (9 mean = 2.7 rad, 
@dev=061, n= 24 experiments) in the AV condi 
tion, it wasn the opposite phase around the positive 
peak ( mean = 0.23 rad, 6 dev = 0.87, n= 24) in 
the AA condition. Because of entrainment, the 
delta_phase distribution was significantly biased 
Ge, nonrandom) in both conditions in all experi- 
‘ments (Rayleigh’s uifonmity tests, P<0.01). How- 
ver, intertrial coherence values—indexing phase 
‘Similarity across triais—were always lager for el- 
evant versus inelevant stim (12), independent of 
‘modality (supporting online material), which indi- 
cates that phase aljgnment/entrainment is controled 
by attention. The fact that oscillations in V1 entrain 
to attended auditory stim just as well as to at 
tended visual stim reinforces the view that the 
primary cortices are not the exclusive domain of a 
‘Single input system (20) and confirms the role of 
tention in modulating the impact of heteromodal 
stimu in the primary cortical regions (2/, 22). 

In both monkeys (3) and humans (6), neu- 
ronal oscillations in the neocortex tend to couple 
hierarchically, with the phase of lower frequency 
cscilations modulating the amplitudes of higher 
frequency ones. Excitbity is also coupled t0 0s- 
latory phase [prediction (@) (J-3). These rated 
types of coupling are both observed in the present 
results Time frequency plos (Fig. 2B, left and 
ght) and spectrograms (Fig. 2E, middle) com- 
puted for the supragramular site (S) in the AV and 
‘AA conditions show that the amplitude of os- 
illaions above 4 Hz (including actvity in both the 
theta and gamma bands) is modulated in counter- 
phase in the two attention conditions, atthe period 
of the entrained delta oscillation (Fig. 2F). As a 
consequence of their coupling to deta oscillations, 
these higher ffequency oscillations display increas- 
‘ng amplinade near visual stimulus onset in the AV 
condition but decreasing amplitude near visual 
stimulus onset in the AA condition. This “coun- 
temign modulation” of prestimulus gamma oscl- 
lations was present in all 24 experimental sessions, 
and the same was true for the prestimlus MUA 
(Fg. 2G). Gamma amplitude and MUA, which 
have both been linked to excitability previously 
(8, 23-25), are thus larger in the AV condition 
around the time of visual stinmlus onset, smaller 
around the time of auditory stimuius onset, and 
vice versa in the AA condition. 
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‘The above findings suggest that deita-band 
entrainment can account for the large visual- 
‘response amplitude difference in the two attention 
conditions (prediction (i), To verify this, we mea- 
sured the influence of prestizmilus delta phase on 
single-trial event-related responses. Figure 3A 
shows visual event-related laminar CSD ampli- 
tude and MUA profiles from an additional exper- 
iment, with a typical attention-related response 
amplitude difference, Figure 3B shows that the 
single-tial amplitude of the visual response is 


FFig. 1. Intermodal selective-attention 
‘task. Light bulbs and speakers represent 
visual and auditory stimuli in the mixed 


‘systematically related to the phase of prestimulus 
deta oscillation in both attention conditions. More- 
‘over, because amplinides are measured from sig- 
nals that are baseline comected to the immediate 
prestimulus period, the enhancement reflects mod- 
‘ulation of response gain, rather than superposi- 
tion of an unmodulated response on a modulated 
background signal. In all of our experiments, the 
largest CSD and MUA amplitudes occur around 
the negative peak (high excitability phase), where 

asthe smallest response amplimdes occur around 
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the positive peak (low-excitability phase) of deta 
oscillations. Given this dependence of response 
amplitude on delta phase (Fig. 3B), the strong 
counterphase entrainment of delta oscillation in 
the AV and AA conditions (Fig. 3D) can account 
for most of the attentional modulation of the 
vvisual-response amplitude. As in Fig. 3B, there is 
an amplitude offset between the AV and AA 
functions in most of our experiments, indicating 
larger response amplitudes for attended versus 
nonattended visual stimuli with the same prestim- 


stimulus stream. Visual and auditory 
deviants are marked by light blue and 
‘magenta arrows, respectively. Stimula- 
ton began when the monkey depressed 
a switch and maintained a gaze (dashed 
line) within an eye postion “window” 
(orange bow). SOA within modality was 
jitered (Gaussian distribution) around 
a4 mean of 650 ms. SOA between mo- 
dalities was 300 ms, on average. 


visual 


2. Entrainment and the 
oscillatory hierarchy. (A) Color 
‘maps show CSD profiles related 
‘tostandard visual stimuli in the 
AV and AA conditions for the 
=800 to +400 ms time frame 
from a representative experi- 
‘ment. Traces between the CSD 
‘maps show the laminar profile 
of prestimulus oscilation ampli- 
tude based on the Hilbert trans- 
form of the CSD (-100 to 0 ms). 
‘The red arrowhead indicates the 
visual event used as trigger (0 
ims). Blue and red brackets 
‘indicat the time frames in which 
adjoining auditory and visual 
events occur, respectively. (B) 
CSD from supragranular elec- 
trode “S” in the AV and AA 
conditions. (C) Distribution of 
single-trial supragranular pre- 
stimulus (0 ms) deta oscillatory 
‘phases in the same experiment. 
(D) Pooled prestimulus mean 
{across trials) delta phase forall 
experiments (n = 24). (E) Time- 
frequency plots display the av- 
erage oscillatory amplitude of 
‘the wavelettransformed single 
‘rials in the selected supragran- 
lar site in (A). Traces in the 
‘middle show prestimulus ampli- 
tude spectra in the AV and AA 
conditions at -300 and O ms. 
{F) Time courses of the averaged 
G7 to 57 #2) gamma ampi- 
tudes. (G) Pooled (n = 24) nor- 
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‘malized gamma-amplitude and MUA differences between AV and AA conditions [(AV-AAVAA)] for the—325 to—275 and —50 to 0 ms time frames. Notches in the 
boxes indicate a 95% confidence interval about the median of each distribution. Whiskers extend to the most extreme values. 
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ulus delta phase, This offset suggests that there ‘Enhanced prestimulus neuronal gamma-band controls gamma amplitude (Fig. 2F) (3), itshould 


‘may be some attentional modulation independent 
of local delta entrainment (Fig. 3C). 
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synchronization (amplitude) in V4 is related to 
shorter reaction times (25). Because delta phase 
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ig. 3. Prestimulus deta phase and its effect on the visual event-elated response. (A) Laminar CSD top) 
and MUA (bottom) profiles elicted by standard visual stimuli in a representative experiment. Red and blue 


boars between the color maps represent response amplitudes for the 50 to 135 ms time interval in the AV 
and AA conditions, respectively (‘real average). (B) Response amplitudes sorted into six bins on the basis of 
prestimulus deta phase. Red and blue bars at right represent response amplitudes averaged across the bins 
Using the mean of each bin simulated” average). Error bats indicate SE. (©) Pooled (n = 24) normalized 
GSD and MUA response amplitude differences between AV and AA conditions ((AV-AAVAA)] for real and 
simulated averages [see (A) and (8). Notches in the boxes indkate 2 95% confidence interval about the 
‘median. Whiskers extend to the mast extreme values. (D) Distribution of singletrial supragranular pre- 


stimulus (0 ms) deta phases in the same experiment. 


FFig. 4. Det phase and reaction time. (A) Deviant 
‘tik with corec responses were sorted on the basis of 
deta phase at O ms from ~x tox rad on the selected 
supragranular electrode in a representative experiment. 
After sorting, we calculated the mean phase (ef) and 
‘mean reaction time (green line on the right; eror bars 
denote SE) in groups of tals coresponding to 25% of 
all tials stating with each consecutive trial. Blue and 
‘ed dotted tines denote the groups of tials correspond- 
ing 1b the postive and negative peak of presimulus 
deta osciltion. Green and orange arrows point to 
groups with the slowest and fastest reaction times, 
respectively. (B) Two-dimensional box plots show 
pooled mean reaction time (¢ axis) and pooled mean 
‘restimulus delta phase y ais) fo all experiments (n = 
24), Red tines in the bowes denote the medians, 
\whereas boxes extend to the lower- and upper quartile 
values. Whiskers extend to the most extreme values. 


‘A mean delta phase _ reaction te 


also affect reaction time [prediction (v)), Figure 4 
shows a systematic relation between deta phase at 
the time of visual target onset (0-ms) and reaction 
time, For each experiment, we then determined the 
25% of trials with the fastest (ormge armow) and 
Slowest (green amow) reaction times and the cor 
responding mean delta phases. These two groups of 
trials were not overlapping in any of the 24 exper- 
ments. We found the fastest reaction times around 
the negative peak of prestimulus delta oscilations 
(@ mean =2.96 ra, 6 dev = 0.49, n= 24), whereas 
the slowest group was always around the postive 
peak (@ mean ~ 0.44 rad, @ dev ~ 0.53, n= 24), a8 
shown in Fig. 4B, Reaction times were significaniy 
dlfferent forthe “fast” and “siow”” 25% of tral in all 
24 cases (Wicoxon rank sum, P < 0,05); on 
average, they Were 14.3% (SD = 7) faster in the fast 
group. Thus, there is a strong relation between 
Drestimulus deita phase and reaction time. 
(Overall, our findings suggest that when the bran 
can detec a rhythm in a task, attention enforces 
phase resetting and entrainment of neuronal excit- 
ahilty osellations to the relevant stimu stream, 
tims changing sponse gain and amplifying new- 
ronal responses to the events in that stream. A 
Similar pradictive effect operating with single-trial 
cuing may under “orienting of atention in time” 
(26), An associated event-related potential effect, the 
“contingent negative variation” (27), may reflect a 
low-frequency frontal cortical oscillation reset by a 
‘waming eve. Whereas Siow excitability oscillations 
can be usefill when stimulus timing is predictable, 
their cost is “downtime,” and random inputs aniving 
during extended low-excitbility phases are less 
[kely to be detected, asin the case of an “inhibition 
‘of retum” (28), Ths, when the bran cannot detect a 
rhythm in stimulus occuence, @ continuous pro- 
cessing mode is initiated, and low-frequency os- 
lations are suppressed (8) Rhythmic processing is 
not uniquely linked to delta oscillations because 
oscillations in mumerous frequency rages can 
contrain to rirythmnic stimulation (3, 12-16). Although 
earlier studies suggest thatthe entrained oscillations 
‘we mport may represent spontaneously occuring 
neural osclations aligned by phase resetting to the 
structure of attended stimulus steams (3, 20), we 
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‘cannot yet differentiate this account from altema- 
tive interpretations, 
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Episodic-Like Memory in Rats: Is It 
Based on When or How Long Ago? 


William A. Roberts,’* Miranda C. Feeney,* Krista MacPherson,* Mark Petter,? 


Neil McMillan,” Evanya Musolino* 


Recent experiments with rats suggest that they show episodiclike or what-where-when memory for a 
preferred food found on a radial maze. Although memory for when a salient event occurred suggests 
that rats can mentally travel in time to a moment in the past, an alternative possiblity is that they 
remember how long ago the food was found. Three groups of rats were tested for memory of previously 
encountered food. The different groups could use only the cues of when, how long ago, or when + how 
long ago. Only the cue of how long ago food was encountered was used successfully. These results 
suggest that episodic-tike memory in rats is qualitatively different from human episodic memory. 


though Tulving (/) initially defined 
A cn sn ps iy 
to remember a personal past event (what) 
{including where and when it happened, he later 
amended this definition to include autonoetic 
consciousness or the feeling of retrieving a per- 
sonal episode (2). It was argued further that 
episodic memory is found only in humans (3). 
However, recent research with birds and rodents 
has brought this position info question. By using 
‘Tulving’s original criteria of what-where-when, it 
has been shown in behavioral experiments that 
scrub jays (4-6) and rats (7-10) remember where 
and when they cached or discovered foods of 
differing palatability. Because these experiments 
could not involve an assessment of autonoeti 
consciousness, their findings have been taken as 
evidence for episodic-like memory, a form of 
‘memory in animals that may have some of the 
properties of human episodic memory (22). 
Of particular importance in these studies was 
the discovery that animals could remember when 
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they had cached or encountered a favored food. 
“Memory for when suggests that animals can men: 
tally travel in time or locate a past event within a 
temporal framework of hours and days (12). An 
altemative possibility is that instead of remem- 
‘bering when an event happened within a frame- 
‘work of past time, animals are keeping track of 
how much time has elapsed since caching or 
‘encountering a particular food item at a particular 
place and are using elapsed time to indicate re- 
‘tum to of avoidance of that location (12). The 
‘cues of when and how long ago are typically 
‘confounded in of episodic-like memo- 
ry. Thus, animals might be remembering how 
long ago an event occurred by keeping track of 
elapsed time using accumulators, circadian 
timers, their own behavior, or the strength of a 
decaying memory trace (13-17). If this is the 
case, then episodic like memory in animals may 
‘be quite different from human episodic memory 
in which people can reconstruct past experiences 
Within an absolute temporal dimension (18-20), 

In two experiments, we asked whether the 
temporal cues used by rats to show episodic-like 
‘memory were when the study phase occurred, 
how long ago it occurred, or whether rats needed 
‘both when and how long ago cues. Three groups 
of 10 Long-Evans hooded rats each were tested 


(20, in one procedure in which the cue of when 
‘was relevant and the cue of how long ago was 
imate ielevant, a second in which how long ago 
‘was relevant and when was inelevant, and a third in 
‘hich rats could use when + how long ago (Fig. 1) 
Within daily trials, rats were allowed to enter four 
randomly chosen arms of an eight-arm radial maze 
during a study phase that could occur at 9 am. ot 
12:30 pam. Three ofthe arms contained two Noyes 
.45-mg reward pellets, and the fourth arm contained 
the highly prefered reward of a cube of cheese 
(20), The rats were returned to the maze for a test 
phase at 9:30 am, | pm, or430 pm On the test 
phase, all eight arms were open, and rats could 
choose freely among them. The four ams closed 
during the study phase now contained two reward 
pellets, and the three ans that contained pellets 
during the study phase were empty. 

Groups When and How Long Ago (HLA) 
had study phase trials at either 9am. or 12:30 p.n. 
and test phase tials 9:30. am, I pm, 04:30 p.m. 
Gg. 1), On the arm where arat consumed cheese 
in the study phase, another piece of cheese was 
placed on the same arm to replenish (R) itor the 
‘arm was empty, as the cheese had been pilfered 
@); these conditions were found at different 
times for subgroups A and B within each group. 
Notice that the When group always had the 
cheese arm replenished after entering it at 9 a.m. 
(ubgroup B) or at 12:30 pm. (subgroup A) and 
pilfered after entering it at 12:30 p.m. (subgroup 
B) or at 9 am. (subgroup A), These rats then 
could only consistently retum to the replenished 
cheese arm early on the appropriate tras if they 
used “When” as a cue and not how long ago the 
cheese ar had been encountered. The opposite 
arrangement was in effect for rats in the HLA 
‘group: subgroups A and B always had the cheese 
arm replenished after 30 min or 4 hours, and when 
the rats frst encountered the cheese arm was made 
fmelevant. Rats in the When + HLA condition 
were tested under a standard procedure (10) in 
which both the time of the study phase and the 
{interval until testing could indicate whether the 
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cheese arm would be replenished or pilfered in 
both subgroups. It should be further noted in this 
design that tests at 1 pam. provide the most im- 
portant data. When tested at 9:30 am. or 4:30 pm., 
rats in both When and HILA groups could use time 
of day as a cue to indicate replenishment of the 
cheese reward. At I pm. tests, however, time of 
test is relevant as a cue, and only when or how 
Jong ago cues can be used to determine whether 
the cheese rewant will be replenished or pilfered. 

Training tials in which the cheese reward 
wwas always replenished or always pilfered were 
presented initially in blocks of 16 days. Over the 
intial 16 days, only tials in which cheese was 
replenished were presented, and, over the next 16 
days, only trials in which the cheese was pilfered 
‘were presented. Over a final block of 40 days, 
both replenished and pilfered trials at 30-min and 
4-hour retention intervals were randomly mixed 
together. Sequences of rats’ entrances into the arms 
of the maze during test phase tria's were recorded. 
Rats showed a strong preference for the arms that 
had been closed during the study phase and that 
now contained pellets (able S1). Their readiness to 
retum tothe arm where cheese had been found dur 
ing study was evaluated by two measures: the prob- 
ability ofretuming to the cheese arm in the frst four 
arms visited, and the mean rank of entry into the 
cheese am during successive arm choices. Early 
retum to the cheese am is indicated by a high 
probability of visitng itin the fist four choices and 
bya low rank of entry. 

Performance over the last 20 trials of traning is 
shown in Fig. 2, with the proportion of cheese arm 
entries in the first four visits shown in 2A and the 
‘mean rank of entry into the cheese arm shown in 
2B. Both measures show the same patiem. When 
tests at all times of day are analyzad, all three 
groups show a significant tendency to enter the 
cheese arm earlier when cheese is replenished 
than when its pilfered [¢(9) > 2.48 for proportion; 
(9) >3.21 for mean rank of entry}. When tests at 
| pm. are considered, however, the When group 
shows no difference between replenish and pilfer 
tials [4(9) = 0.29 for proportion; 49) = 0.9 for mean 
rank of entry), but the HLA and When + HLA 
groups show significant effets ((9)> 2.72 for pro- 
portion; (9) > 2,67 for mean rank entry} 

‘The first experiment indicated that rats used 
how long ago cheese was encountered as a cue but 
not when during the day it was encountered. It is 
possible that rats might be sensitive to when a pre- 
fered reward was found if the encounter occurred 
on the previous day. In experiment 2, we examined 
memory for when versus how long ago over an 
{interval longer than 24 hours (Fig. 3). The When, 
HLA, and When + HLA groups (n = 5) were 
tested again. In the When and HLA groups, rats 
‘were given the study trial at 9 am. or 12 p.m. The 
short retention interval was 1 hour, with test trials 
given at 10am. or 1 pm. of the same day. The long 
retention interval was 28 hours, with test als given 
at | pm. or 4 pm of the next day. As in experiment 
I, the time of day at which cheese was encountered 
‘was the relevant cue forthe When group, the time 


that lapsed between the study and test phases was 
the relevant cue for the HLA group, and both cues 
wererelevant forthe When +HLA group. From the 
stat of taining, the diffzrent types of tials were 
presented in random order over days; each group 
reocived 6 total trials, 28 on which cheese was 
replenished and 28 on which cheese was pilfered. 
‘Study >Test Interval 
———— 


9am39:30am 
9am————> 1 pm. 
12:30 pa >1 pm 


12:30 pm 4:30 pm 


Again, tess at pm. were most important because 
they controlled for time of day as a cue for cheese 
replenishment 

Data for the final 28 tials of training are 
shown in Fig. 4. The findings of experiment 2 
largely replicated those of experiment 1. When 
tests atall times of day were considered, both the 
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Fig. 1. Design of experiment 1 for the study of the temporal basis of episodic-like memory in rats. 
Three groups (When, HLA, and When + HLA; each n = 10) explored, in the study phase, four 
randomly chosen arms at 9 a.m. or 12:30 p.m. and were given a choice in the test phase among all 
eight arms at 9:30 a.m., 1 p.m., or 4:30 p.m. Subgroups (A and 8; n = 5) found that the cheese on 
one arm in the study phase was either replenished (R) or pilfered (P) in the test phase. 
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Fig. 2. Results of experiment 1. (A) Proportion of visits to the cheese arm in the fist four visits. (B) 
‘Mean rank of entry into the cheese arm. All error bars are SEM. 
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proportion of cheese arm visits in the first four anm 
centres and the mean rank entry show no significant 
effect of when cheese was found inthe maze (4) = 
(0.2 for proportion; 4) = 0.48 for mean rank entry], 
However, the HLA and When + HLA. groups 
showed significantly eater visits o the cheese arm 
(on replenish tials than on pilfr tials [44)> 232 for 
proportion; 4) > 2.73 for mean rank entry}. The 
same results appear when tests at 1 pm only are 


examined, wih no effects of when the cheese arm 
‘was visited [(4) ~ 0.75 for proportion; £4) ~ 0.12 
for mean rank entry), but significant effects of HLA 
and When + HLA (04) 2.63 for proportion; (4) > 
3.00 for mean rank entry]. 

‘The findings of two experiments indicate that 
rats were not sensitive to when during the day they 
first discovered cheese on an arm of the radial maze. 
By contrast, they were able to use elapsed time or 


‘Study>Test Interval Group 
Devt Day? ibe HLA When + BLA 
9am>10am Rg 2 
9 am— 1 pa Rg R 

pm>ipm PoP 
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Fig. 3. Design of experiment 2 for the study of the temporal basis of episodi-like memory in rats between 
days. Three groups (When, HLA, and When + HLA: each n = 5) explored, in the study phase, four randomly 
chosen arms at 9 a.m. or 12 pum. and were given a choice in the test phase among all eight arms at 10 am., 
‘pm. or 4 pum. Tests between days made the retention interval 28 hours long. Rats found that the cheese 
‘on one arm in the study phase was either replenished (R) or pifered (P) in the test phase. 


Fig. 4. Resuts of experiment A 
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hhow long ago the cheese was found to indicate that 
twould be replenished or pilfered on the test phase. 
‘The difference between the When and HLA groups 
‘suggests thatthe success ofthe When +HLA group 
and rats tested in previous episodic ike memory 
experiments (7-10) was caused by animals keeping 
track of the time between study and test phases and 
not by memory for when the study phase oocured. 
Rats have been shown to be able to track the time 
that has elapsed between a signal and the delivery of 
food over both short and long time intervals, and 
several possible mechanisms may account for this 
sbily, inciuding intemal accumulators (13), circa- 
«dian oscillators (/4, 15), the animals own behavior 
(26), and the strength of a memory trace (17) 
Although humans may reconstruct the timing of a 
past experience using memory for absolute time, 
concer of events, and elapsed time (20), the impli 
cation ofthe studies reported here is that rats do not 
read to remember when a food was encountered 
within a day or between days in onder to show 
episodic like memory. These findings then cas into 
<doubt any similarity between episodic ike memory 
in rats and episodic memory in humans. Humans 
em specify when an event occured within a past 
temporal framework of hours, days, and yeas (20), 
but rats appear to remember only how much time 
has gone by since an important event occured. 
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GENOTYPING TECHNOLOGY: 
SNP-ING OUT INFORMATION 


Researchers from academia and industry continue to make new technologies 
and tools to learn more from single nucleotide polymorphisms (SNPs). AS 
expected, some of the advances come from higher density microarrays. 
Nevertheless, ancillary technologies, such as microfluidics, deliver additional 
advances. Moreover, researchers are also exploring variations beyond SNPs. 
by Mike May 


espite ongoing discussions of the data overload, researchers 
still want more, especially from SNPs. “We really need to have 
high throughput techniques,” says Lise Lotte Hansen, associate 
professor of human genetics at the University of Aarhus in 
Denmark. Beyond just gathering more genotyping data, however, 
Hansen wants data that include more content. In some cases, any content 
would help. As Hansen says, “You look through databases and there is no 
information on some SNPs.” 

Infact, some of the current data turn out to be wrong. “Sometimes, the 
SNP is not really located where the database places it,” Hansen says. 
“Also, the frequencies for the various genotypes can simply be wrong.” 
This arises from either methodological problems or because genotype 
frequencies vary considerably between populations. 

To get better information on SNPs, scientists need more data, such as 
that gathered by the International HapMap Project (www.hapmap.org). 
This organization focuses on making catalog of the human haplotype map. 
or HapMap, which is basically the variation in human genotypes. To obtain 
a representative sampling of human variation, the HapMap project looks at 
‘SNPs from 270 people from four populations: European, Han Chinese, japanese, 
and Nigerian 

It will take even more information on SNPs to correlate them with diseases. have high throughput 
Scientists need to look through tens of thousands of SNPs to find the one or two 
disease-related ones. So researchers need faster and more-accurate approaches 


to genotyping. databases and there is no 


owe 


really need to 
techniques. You look through 


Expanding the View information on some SNPs.22 
Although scientists need more SNP data, part of today’s challenge in genotyping 
ironically comes from simply having too much to consider. “There are 10 million or 
‘so SNPs in public databases,” says Carsten Rosenow, senior marketing manager 
of DNAanalysis products at Illumina in San Diego, California. “Researchers don’t 


have the array density —or the money —to lookatall 10 million.” Still, companies Look for these Upcoming Articles 
want to give scientists more SNPs on a chip—but no one can jam every SNP on RNAI — June 6 
cone microarray. Instead, scientists at lumina look for the SNPs that make what Prtaoaiese Alga 


Rosenow calls “the best proxies for the others.” 
Illumina’s tools depend on the company’s BeadChip design, which relies on 

beads of silica covered with DNA probes. “With enhancements to the beads 

F ides" 5 ie is sehen inclusion of companies in this article does not indicate 

and the slides,” says Rosenow, “we were able to make even fi the density Riksbi of companies fi tie lattle dots oo dtateats 

products.” Specifically, Illumina recently released its Infinium High-Density inply that their products or services are superior to those of 

Human1M-Duo and Human610-Quad BeadChips, which run two conti" other companies. 
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“Itis very clear that 

not only SNPs, but the 
combination of all known 
types of variants need to be 
discovered and typed—fast 


and cost efficiently.” 


and four samples per chip, respectively. “These include up to 2.4 
million markers on each chip,” says Rosenow. About 2.3 million of 
the markers are for typing SNPs and copy-number variation. The 
approximately 100,000 other markers improve the analysis of copy: 
number variation, because they increase the uniformity of probe 
distribution, reducing the number of large gaps without any probe 
coverage in the genome. 

Rosenow sees these products used in many ways, such as studying 
the causes of complex diseases. When using Illumina chips to look 
for SNP-related diseases, though, Rosenow says that it's not likely 
that the SNP causing the disease is on the chip. “But once you know 
that a SNP on the chip shows an association with the disease,” he 
says, “then you know where to goon a hunt.” 

Other companies also look for more flexible ways to study SNPs. 
For example, the GenomeLab SNPStream Genotyping System from 
Beckman Coulter in Fullerton, California, works with nucleic 
samples in 384-well plates. Each well can contain 12.0r 48 SNPs. “We 
can analyze 4,000 to 3.2 million SNP genotypes per day.” says Rene 
IM. Oda, senior scientist at Beckmian Coulter. “It’s very scalable.” 

Moreover, this instrument does not limit scientists to a list of 
SNPs. Instead, says Oda, “We give them the design tools, and they 
can design any type of SNP or insertion or deletion.” This includes 
nucleic acids from humans or other mammals as well as bacteria, 
plants, or viruses. 

The SNP analysis performed by this instrument can be used in many 
ways, For example, DNAPrint Genomics in Sarasota, Florida, uses the 
GenomeLab SNPStream to provide law enforcement agencies with 
ancestry information about suspects and victims, based on samples 
taken from crime scenes. In addition, MMI Genomics in Davis, 
California, markets a SNP-based kit to consumers that reports the 
genetic makeup of a dog from among 38 breeds, providing insight 
into behavioral characteristics and predisposition to genetic-based 
diseases that afflict some breeds. 

‘Moreover, scientists are searching for signs of human health risks 
inother features of chromosomes. “Somatic mutations, for example, 
cannot be seen through genotyping,” says James Wang, president 
of TrimGen in Sparks, Maryland. His company, though, uses a form 
of real-time polymerase chain reaction, called eQ-PCR, which uses 
proprietary probe design and chemistry that the company says 
enhances the detection of the fluorescent signal. According to Wang, 
QPCR can find somatic mutations at levels of just 1 percent. In 
other words, TrimGen’s technology could find a mutation composed 
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‘of one base in 100. “For cancers, that could mean earlier detection,” 
Wang says. “Our eQ-PCR is sensitive and accurate. So you could use 
this to predict risks based on somatic mutations.” 

This technology can also be used to detect a virus in a sample. 
Using just 1 milliliter of blood, TrimGen’s eQ-PCR can detect as few 
as 10 copies ofa virus. “Most technologies can only get down to 
50-100 copies,” says Wang. 

TrimGen already puts this technology to many uses. For example, 
the company is running a leukemia project. “In Europe,” says Wang, 
“physicians already use genetic testing to select the treatment for 
leukemia and to predict relapse.” Consequently, TrimGen developed 
leukemia panels for its eQ-PCR. “This tells you which patients are 
likely to relapse fast and which are likely to be stable,” says Wang, 
“and it has already been proven that there is a gene related to this.’ 
The eQPCR test results, Wang says, will provide supportive genetic 
evidence and valuable information to transform traditional medicine 
into personalized medicine. 


Controlling the Flow 

‘Making SNP technology work depends in many ways on getting 
the right sample materials to the right detectors. Fluidigm in South 
San Francisco meets this challenge with integrated fluidic circuits 
(IFCS). “It’s a chip that incorporates a network of elements: inlets, 
chambers, channels, and valves,” explains Michael Y. Lucero, 
Fluidigm’s executive vice president of sales and marketing. “It’s like 
an electrical circuit, except that instead of channeling electrons, IFCS 
manipulate fluids. The IFCs include the logic that controls the flow 
with 10,000 or more valves.” 

Fluidigm recently introduced its BioMark system, which uses IFCs 
for various applications, including real-time PCR and genotyping 
analysis. “With IFCs,” says Lucero, “we can load many samples and 
test them against many different SNP assays in the same run.” The 
current version can run 48 samples against 48 assays—for a total 
of 2,304 reactions in one run. In the near future, says Lucero, the 
company will increase the throughput to 96 x 96. “That will be 9,216 
parallel PCR reactions for genotyping,” he says. 

The BioMark system runs its 2,304 PCR reactions in about 75 
minutes, which Lucero says is the same time as is required for 
running PCR using conventional 384-well plates. Moreover, the 
system lowers running costs because IFCs require far less sample, 
reagents, and pipetting steps to set up reactions, according to 
Lucero. “These factors also make IFCs ideal for analyses of many 
single-cell samples as each cell can be efficiently assayed for 48 
genes at once,” he says. 

‘Science Applications International Corporation (SAIC)\—a con- 
tractor for the US National Cancer Institute in Frederick, Maryland — 
recently installed a BioMark system at its core genotyping facility 
(CGA) to use genotyping to track down cancer susceptibility genes. 
With the BioMark, scientists at the CGF will be able to use TaqMan 
assays that they've already developed, including more than 5,000 
SNP assays to look for potentially cancer-related genotypes. 

The TaqMan assays, which were developed by Applied Biosystems 
in Foster City, California, are used by many scientists for PCR-based 
research. The TaqMan assays continueto expand to new instruments, 
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including being used on the OpenArray Platform from BioTrove 
in Woburn, Massachusetts. “Researchers using this integrated 
platform can experience an end-to-end genotyping workflow of less 
than five hours, enabling them to analyze thousands of samples in 
days, in contrast to weeks on alternative genotyping platforms,” 
says Phoebe A. White, senior director genotyping applications at 
Applied Biosystems. She adds, “The platform offers a flexible range 
of assay configurations, allowing researchers to interrogate as few 
as 16 and as many as 3,072 SNPs within one array across hundreds 
to thousands of samples.” Moreover, a customer can pick the SNPS 
from Applied Biosystems’ 4.5 million TaqMan SNP Genotyping 
Assays, Custom TaqMan SNP Genotyping Assays, or TaqMan DME 
Genotyping Assays. 

Beyond focusing TaqMan assays on cancer, IFCs can also tackle 
environmental questions. Alaska fisheries, for example, are using 
Fluidigm’s IFCs to genotype salmon populations in the ocean. “A 
panel of SNP assays,” says Lucero, “is used to determine which 
stream head the salmon will return to for spawning, allowing 
controlled harvesting.” 


Targeting Mutations 
Instead of screening an ocean of possibilities, scientists sometimes 
prefer to focus genotyping on specific chromosomal regions. 
According to Rob van Miltenburg, director, global marketing, Roche 
Applied Science in Penzberg, Germany, “With the development of 
high-resolution melting, or HRM, Rache is now offering a method 
that can be used to scan for mutations in selected gene regions.” 
Roche put this technology in its LightCycler 480 real-time PCR. 
Running this HRM method is easy and cost effective, according to 
van Miltenburg. “In addition,” he says, “mutation scanning by HRM 
can be performed in high throughput, only requiring approximately 
90 minutes to analyze a 96-well or 384-well plate.” 

The LightScanner made by Idaho Technology in Salt Lake City, 
Utah, uses a similar technology. “Using a new double-stranded DNA 
binding dye that is included in the PCR reaction, it can monitor the 
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thermal denaturation—the melting—of a sample,” explains Rachel 
Jones, marketing manager for life science at Idaho Technology. “It 
can detect very subtle differences in DNA melting behavior and 
identify sequence variants or genotype samples based on the unique 
melting profile.” It works with both 96- and 384-well plates. 

The latest application using the LightScannercan genotypea small 
amplicon generated from primers placed immediately adjacent to a 
SNP. However, if SNPs of interest melt at very similar temperatures, 
they can be difficult to discriminate. “Our Master Mix,” says Jones, 
“includes normalizing, temperature-calibrator probes that allow 
more accurate differentiation of the melting temps of SNPs whose 
T, differs by less than 0.5 degree Celsius.” 

Moreover, melting a sample is nondestructive. As a result, 
a researcher could go back to a plate and collect samples for 
further processing. “Lots of customers identify novel SNPs by 
using sequencing as a second step,” says Jones, “but by using 
the LightScanner as a prescreen, they can reduce the amount of 
sequencing by more than 90 percent in most cases.” This technology 
currently is most widely used for gene scanning, such as looking at 
entire exons for rare or novel mutations. For products that are 400 
bases in length or less, says Jones, the LightScanner’s sensitivity and 
specificity are 95-99 percent. 

In addition to exploring specific regions or small amplicons from 
a chromosome, researchers want to look across wider areas and for 
a variety of differences in genotypes. “With the Rache/454 Genome 
Sequencer FLX System,” says Marcus Droege, director, global 
marketing, Roche Applied Science, “it is possible to discover and 
analyze the whole spectrum of different types of mutations, from a 
SNP to smaller insertions and deletions to large structural variations 
of the genome.” As a result, this next-generation sequencer can be 
used to determine both sequences and genotypes. Other sequencers 
can also be used this way. In the April 2007 Journal of Clinical 
‘Microbiology, for instance, Donald Murphy of the Institut National 
de Santé Publique du Québec, and his colleagues used Applied 
Biosystems’ Prism 3100 genetic analyzer to genotype variants of the 
hepatitis C virus. 

Whether genotyping in selected regions or across the genome, 
scientists need a range of tools, as do companies. For example, 
Roche’s acquisition of NimbleGen (Madison, Wisconsin) adds to 
the company's variety of analytical capabilities, according to Janti 
‘Masani, vice president marketing at Nimblegen. He says, “Now, 
Roche will also be able to offer an optimized workflow composed of 
enrichment and sequencing of targeted gene regions or the complete 
human exome.” 

Beyond the growing range of applications of genotyping, even its 
definition continues to evolve. “Its very clearthat not only SNPs, but 
the combination ofall known types of variants need to be discovered 
and typed—fast and cost efficiently,” says Droege. “This will lead toa 
‘wider definition of ‘genotyping,’ whichis still often used with respect 
to SNP analysis only.” As scientists study ever-more variations, the 
very meaning of genotyping will expand over the next few years, 
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Screening Platform Enhancements 

Four enhancements to the High Content Screening (HCS) Platform include 
HCSExplorer informatics software, new functionality for its image analysis 
software, expanded capability of the HCS Analysis Platform, and a brightfield 
module that adds white light imaging to its fluorescent imaging capabilities. The 
HCSExplorer software makes use of web-based technology to enable rapid and 
easy enterprisewide data access and analysis. It provides powerful analytical, 
data visualization, and image comparison tools that can be used with any data 
store. The Bioapplications image analysis algorithms allow scientists to easily 
make complex measurements. The new version can measure larger image 
sizes and more objects within any given field. Version 6.1 of the HCS Analysis 
Platform provides new image display features and can analyze data from a wide 
range of third-party microscopes and HCS readers. The Brightfield module, by 
‘combining the use of white light with the existing fluorescent channels, enables 
users to broaden their assay capabilities, which is particularly important for 
toxicological live-cell assays and novel formats using stem cells, tissues, and 
whole organisms. 


Gene Expression and Function Studies 

The E2-Tn5 Transposomes are tools for gene expression and function 
studies in microorganisms. The user simply electroporates the EZ- 
Tn Transposome complex into a microorganism and screens for the 
transposon-encoded resistance marker. The EZ-Tn5 Transposome 
inserts in a highly random manner into bacterial chromosomes or 
endogenous plasmids. Uses of the tool include development of new 
bacterialstrains, location of specific genetic markers on chromosomes, 
and plasmids, and creation of gene knockouts. 

Epicentre Biotechnologies 

For information 800-284-8474 


Improved Amplification of Difficult Samples 
PCRboost is a reagent that enhances polymerase chain reaction 
(PCR) and reverse transcription (RT) PCR performance by five times or 
more by improving sensitivity and specificity during amplification of 
genomicDNA or RNA templates. PCRboost makes it easy for scientists 
templates that are traditionally difficult to amplify and 
present in limited quantities. At the same time, the number of cycles 
and amount of polymerase used are reduced, resulting in time 
and cost savings. The reagent enhances the yield, specificity, and 
consistency of the final product in difficult samples. It requires no 
changes to existing PCR and RT-PCR protocols—users simply replace 
the water in the reaction with PCRboost. 

Biomatrica 

For information 858-550-0308 

www biomatrica.com 


Automated Capillary Electrophoresis 

The QlAxcel system makes analysis of DNA fragments, such as 
single and multiplex polymerase chain reaction products, and 
qualitative and quantitative RNA analysis easier and faster than ever. 
The QlAxcel system automates sensitive, high-resolution capillary 
electrophoresis of up to 96 samples per run. The system provid 
safety and convenience with ready-to-use gel cartridges; analysis 
of up to 96 samples without manual intervention; robust results 
for nucleic acid concentrations as low as 0.1 ng/tl; confident data 
interpretation with resolution down to 3 bp to 5 bp; and standardized 
processing with digital data collection and documentation. 

Qiagen 

For information 49-2103-29-13884 

www.giagen.com 


Plasmid Mapping Software 

The beta release of an enhanced version of the DNA plasmid mapping 
software, Gene Construction Kit 3.0, is available for download 
at Textco's website. The new version includes new modules for 
polymerase chain reaction analysis, automated shotgun cloning, and 
integrated web searching for performing biologically related searches 
‘across multiple internet data repositories. Compatible with Mac OS 
10.2 and higher, Windows XP, and Windows Vista, the new release 
integrates numerous enhancements and userrequested upgrades 
into a powerful tool. 

Textco BioSoftware 

For information 603-643-1471 

wwwtextco.com 


Fluorescent Dye 

‘Amersham HyPerS fluorescent dye for in and array- 
based comparative genomic hybridization applications delivers 
reproducible results, regardless of environmental conditions and 
number of scans. Amersham HyPer5 fluorescent dyes are photostable 
and ozone stable. The ozone stability makes the dye consistent year 
round, even in warmer months when ozone levels rise. The dyes are 
available as the NHS active ester for coupling to aruinoallyl modified 
‘complementary DNA or amplified RNA in postlabeling experiments, or 
as the dCTP analog for spiking the dye-nucleotide in direct enzymatic 
incorporation and probe-labeling reactions. The dye allows a direct, 
comparison with Cy3 signal levels in expression analysis from both 
direct and postlabeling experiments. 

GE Healthcare 

For information 732-457-8149 

wwwgelifesciences.com 


Electronically submit your new product description or product literature 
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